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Summary 
Ecological speciation on an oceanic island is a well-known evolutionary 
phenomenon. In ecological speciation, diversification via the evolution of barriers to 
gene flow between populations occurs as a result of divergent natural selection under 
different environmental conditions. The Bonin (Ogasawara) Islands, a typical oceanic 
island group in the northwestern Pacific Ocean, are located approximately 1,000 km 
south of mainland Japan. In this study, I investigated Elaeocarpus photiniifolia, an 
endemic tree species in the Bonin Islands. This species grows in different vegetation 
types even within a single island, including dry scrubs and mesic forests, although no 
morphological differentiation has been reported. Therefore, I considered two 
hypotheses: first, that E. photiniifolia forms a large, randomly mating population on 
each island and adapts to its different habitats by means of phenotypic plasticity; and 
second, that E. photiniifolia is differentiated into genetically distinct groups associated 
with different habitats within an island and exhibits assortative mating within 
respective habitats. The detection of significant genetic differentiation associated with 
different habitats would suggest that E. photiniifolia is undergoing ecological 
speciation. 
Elaeocarpus photiniifolia is also important to the conservation of a critically 
endangered endemic subspecies of Japanese wood-pigeon, Columba janthina nitens. 
This bird species feeds on the fallen seeds of E. photiniifolia. Therefore, to maintain 
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the population of C. janthina nitens, an E. photiniifolia propagation project that 
includes restoration plantings is being conducted in the Bonin Islands. To minimize the 
genetic disturbance resulting from restoration planting, it is necessary to elucidate the 
genetic structure of E. photiniifolia. 
To facilitate population genetic studies, I first developed nuclear 
microsatellite markers from expressed sequence tags (EST-SSRs) for E. photiniifolia. I 
constructed a complementary DNA (cDNA) library by de novo pyrosequencing of total 
RNA extracted from a seedling. I then designed 267 primer pairs from the EST library. 
Of the 48 tested loci, 25 were polymorphic among 41 individuals representing the 
entire geographical range of the species, with the number of alleles per locus and 
expected heterozygosity ranging from 2 to 14 and from 0.09 to 0.86, respectively. Most 
loci were transferable to a related species, Elaeocarpus sylvestris. These markers can 
be used to evaluate the genetic structure of E. photiniifolia and related species. 
Then, I examined the genotypes of 639 individuals from 19 populations of E. 
photiniifolia and compared this species to its close relative E. sylvestris at 24 
EST-SSRs. These data revealed clear genetic differentiation (1) between E. 
photiniifolia and E. sylvestris (0.307 ≤ FST ≤ 0.470) and (2) between the E. 
photiniifolia populations of the Chichijima and Hahajima Island Groups within the 
Bonin Islands (0.033 ≤ FST ≤ 0.121). The results also showed (3) genetic differentiation 
between E. photiniifolia populations associated with dry scrubs and mesic forests in 
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the Chichijima Island Group (0.005 ≤ FST ≤ 0.071). Furthermore, it was shown that 
isolation by distance was not responsible for genetic differentiation. This result also 
supported the occurrence of genetic structure associated with habitat variation. 
Moreover, I observed the flowering phenology of E. photiniifolia on 
Chichijima Island to clarify possible pre-mating isolation mechanisms. I also 
investigated the environmental conditions in dry scrubs and mesic forests, or the two 
habitat types where the species occurs, to find the environmental factors that may 
cause disruptive selection. The flowering phenology data indicated that the populations 
in the two habitat types are reproductively isolated, with trees located in dry scrubs 
flowering before trees growing in mesic forests. The two habitats differed in 
environmental factors related to soil moisture content and vegetation height. These 
findings support the hypothesis that E. photiniifolia is undergoing ecological speciation 
associated with habitat differences between dry scrubs and mesic forests. 
Based on the results of these genetic analyses, seed sources from 
environments similar to that of the candidate site and from within the same island are 
likely to be the most appropriate seed sources for restoration. However, various 
vegetation types are distributed in a mosaic across the entire Bonin Islands. Evaluation 
of the adaptive differentiation associated with various types of environmental 
components should be made in the future. 
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General Introduction 
Oceanic islands have been recognized as ideal natural laboratories for 
studying evolution. Many biologists have explored these fascinating systems (Darwin, 
1859; Carlquist, 1974). Oceanic islands are model cases for research on speciation and 
diversification because they are simple, closed systems that are isolated from the 
nearest landmass and because they have a fewer species, a biased biota, and higher 
endemism compared to complex continental systems (Stuessy and Ono, 1998). One 
common evolutionary phenomenon on oceanic islands is diversification via the 
evolution of barriers to gene flow between populations as a result of divergent natural 
selection under different environmental conditions. This process is possible because 
oceanic islands can contain a diversity of habitats despite their small geographical size 
(Givnish and Sytsma, 1997; Schluter, 2001; Emerson, 2002; Rundell and Price, 2009). 
Such ecological speciation on oceanic islands has been reported in several plant groups, 
such as silverswords and lobelioids in the Hawaiian Islands (Baldwin, 1997; Givnish et 
al., 2009; Baldwin and Wagner, 2010). 
The Bonin (Ogasawara) Islands, a typical oceanic island group in the 
northwestern Pacific Ocean, are located approximately 1,000 km south of mainland 
Japan (Fig. II-1). The Bonin Islands have long been noted for their distinctive flora, in 
which 40% of the indigenous vascular-plant species, including approximately 70% of 
the tree species, are endemic (Kobayashi 1978; Toyoda, 2003). In the Bonin Islands, 
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speciation via habitat differences has evidently occurred in several plant genera, such 
as Pittosporum, Symplocos, and Callicarpa (Shimizu and Tabata, 1991). Speciation by 
divergent selection under different environmental conditions appears to account for 
47% of the endemic plant species in the Bonin Islands (Stuessy et al., 2006). Although 
each island is small (< 25 km2), there is a wide range of vegetation types due to the 
complex topography of each island. According to Shimizu (1992), the vegetation of the 
Bonin Islands can be classified into six types based on the forest structure and 
dominant plant species: Distylium-Schima dry forest, Distylium-Pouteria dry scrub, 
Rhaphiolepis- Livistona dry forest, Elaeocarpus-Ardisia mesic forest, Pinus-Schima 
mesic forest, and Dendrocacalia-Fatsia mesic scrub. These forests are distributed in a 
mosaic pattern across the Bonin Islands (Shimizu and Tabata, 1991; Shimizu, 1992; 
Shimizu, 1994). This complex vegetation may have promoted speciation within the 
islands. 
Previous population genetic studies on speciation and diversification in the 
Bonin Islands have focused on plant genera that contain multiple species (Ito and Ono, 
1990; Soejima et al., 1994; Ito, Soejima, and Ono, 1997; Setoguchi and Watanabe, 
2000). Genera without multiple related species in the islands have not been 
investigated except for certain genera that contain endangered species, such as 
Metrosideros and Melastoma, which have been investigated for conservation purposes 
(Kaneko, Isagi, and Nobushima, 2008; Ohi-Toma et al., 2008). Such species that lack 
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close relatives in the Bonin Islands are occasionally distributed across a wide range of 
habitats. Thus, these species may contain genetic and/or phenotypic variation 
associated with their different habitats, even though no taxonomic divisions have been 
recognized. The genus Elaeocarpus (Elaeocarpaceae) is one such taxon. A single 
species of this genus, Elaeocarpus photiniifolia Hook. & Arn., is widely distributed in 
the main parts of the Bonin Islands. 
The genus Elaeocarpus, the largest genus in Elaeocarpaceae, consists of 
approximately 360 tree species distributed in tropical and subtropical regions in both 
hemispheres, excluding Africa (Tang and Phengklai, 2007). Four species of 
Elaeocarpus are naturally distributed in Japan (Ohba, 1989). Two of them are found in 
the Bonin Islands (Kobayashi and Ono, 1987) and were investigated in this study. First, 
E. photiniifolia is distributed in the Chichijima and Hahajima Island Groups in the 
central part of the Bonin Islands. This species grows in different vegetation types, 
including dry scrubs and mesic forests, even within a single island. However, no 
morphological differentiation has been reported. Second, Elaeocarpus sylvestris 
(Lour.) Poir. var. pachycarpus (Koidz.) H. Ohba is found only in the Volcanic Island 
Group, the southernmost part of the Bonin Islands. Its basic variety, Elaeocarpus 
sylvestris (Lour.) Poir. var. sylvestris, is distributed in the southwestern part of 
Japanese mainland, especially along the Pacific coast, and the Ryukyu Islands. Thus, 
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the geographic range of E. sylvestris is interrupted by that of E. photiniifolia. Therefore, 
comparison with E. sylvestris is necessary when investigating E. photiniifolia. 
In order to explain how E. photiniifolia occurs in the various types of 
habitats in the Bonin Islands, I considered two alternative hypotheses: first, that E. 
photiniifolia forms a large, randomly mating population on each island and adapts to 
its various habitats by means of phenotypic plasticity; and second, that E. photiniifolia 
is differentiated into genetically distinct groups associated with different habitats 
within islands and exhibits assortative mating within habitats. Of course, various 
intermediate situations are possible between these two extreme cases. Nevertheless, the 
detection of significant genetic differentiation associated with different habitats would 
suggest that E. photiniifolia is undergoing ecological speciation. Ecological speciation 
in different habitat types in the presence of limited gene flow has been proposed in 
other plant taxa on oceanic islands (Savolainen et al., 2006; Gavrilets and Vose, 2007), 
although the prevalence of this type of speciation remains controversial (Bolnick and 
Fitzpatrick, 2007; Papadopulos et al., 2011). 
Elaeocarpus photiniifolia is also important as a food source for an endemic 
subspecies of Japanese wood-pigeon, Columba janthina nitens (Stejneger), which is 
listed as “Critically Endangered” by the Ministry of the Environment, Government of 
Japan (Ministry of the Environment, 2006). This bird species feeds mainly on the 
fallen seeds and fruits of several tree species, including E. photiniifolia (Gibbs, Barnes, 
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and Cox, 2001; Tanaka et al., 2010). To maintain the population of C. janthina nitens, 
an E. photiniifolia propagation project that includes restoration plantings is being 
conducted in the Bonin Islands. To minimize the genetic disturbance resulting from 
restoration planting, it is necessary to elucidate the genetic structure of natural E. 
photiniifolia populations. 
This study is organized as follows. In Chapter I, I developed nuclear 
microsatellite markers from expressed sequence tags (EST-SSRs) for E. photiniifolia to 
evaluate the genetic structure of this species and its relatives. In Chapter II, I 
investigated the genetic structure of 639 individuals from 19 populations of E. 
photiniifolia using 24 EST-SSR markers and compared the genetic structure of E. 
photiniifolia to that of a closely related species, E. sylvestris. In Chapter III, I observed 
the flowering phenology of E. photiniifolia on Chichijima Island to clarify possible 
pre-mating isolation mechanisms. I also investigated the environmental conditions in 
dry scrubs and mesic forests, two habitats in which E. photiniifolia occurs, to find the 
environmental factors that may cause disruptive selection. Finally, in Chapter IV, I 
examined the conservation implications of these results for E. photiniifolia. 
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Chapter I. 
DEVELOPMENT OF EST-SSR MARKERS FOR 
ELAEOCARPUS PHOTINIIFOLIA 
(ELAEOCARPACEAE), AN ENDEMIC SPECIES OF THE 
BONIN ISLANDS 
 
Introduction 
Microsatellite markers which is also called simple sequence repeat (SSR) 
markers have been used as the most popular and versatile genetic markers for inferring 
genetic structure and gene flow patterns. Hence, they are being increasingly widely 
used, and their cost effective development has been greatly facilitated by 
next-generation sequencing technologies (Duran et al., 2009; Perry and Rowe, 2011). 
Expressed sequence tag (EST)-derived markers have been developed because they 
show high levels of cross-taxon portability (Ellis and Burke, 2007). 
In this chapter, 28 EST-SSR markers for Elaeocarpus photiniifolia were 
developed using de novo pyrosequencing and were assessed the validity of these 
markers in Elaeocarpus sylvestris var. sylvestris, a taxon closely related to E. 
photiniifolia found on the western part of Japan. 
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Materials and Methods 
One seedling of E. photiniifolia naturally growing on Chichijima Island of 
the Bonin Islands was used for RNA extraction. Total RNA was extracted from the 
inner bark and the current year’s twigs using the modified cetyltrimethylammonium 
bromide (CTAB) method (Le Provost et al., 2007). DNA was removed using an SV 
Total RNA Isolation System (Promega, Madison, Wisconsin, USA). The 
complementary DNA (cDNA) library was constructed using a cDNA Synthesis Kit 
(Roche, Basel, Switzerland). The cDNA library of E. photiniifolia was pyrosequenced 
on a half plate using a 454 GS-FLX titanium pyrosequencer (Roche) with three other 
species’s libraries identified by molecular identifier (MID) tags. To remove polyA and 
adapter sequences from the sequences, the CROSS_MATCH program (Green, 1994) 
and TIGR SeqClean sequence trimming pipeline program (The Institute for Genomic 
Research, 2002) were used prior to further analyses. The EST sequence assembler 
MIRA (Chevreux et al., 2004) was used to run de novo assemblies. Then, PCR 
amplification primers were designed using MISA (Thiel et al., 2003) and Primer3 
(Rozen and Skaletsky, 2000). Criteria applied to identify microsatellite loci were 
bordered sequence regions with more than six di-nucleotide repeats, or more than five 
tri- to hexa-nucleotide repeats. To eliminate redundancy (i.e., multiple sets of primers 
for the same locus), all assembled sequences containing microsatellites were subjected 
to a BLAST search against the National Center for Biotechnology Information (NCBI) 
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nonredundant protein (nr) database using the BLASTX algorithm with an E-value 
cutoff of < 1.0E-3. 
The PCR amplification profiles included initial denaturation at 95°C for 15 
min; followed by 30 cycles of 0.5 min at 94°C, 1.5 min at 57°C, and 1 min at 72°C; 
and then a final extension at 60°C for 30 min. The PCR products were separated by 
electrophoresis in 2% agarose gels and stained using ethidium bromide. For primers 
that showed single-band amplification patterns, the corresponding loci were screened 
for polymorphisms using total DNA extracted from 20 individuals from one population 
on Chichijima Island (27.0755°N, 142.2248°E) and 21 individuals from another 
population on Hahajima Island (26.6695°N, 142.1551°E). These voucher specimens 
have been deposited in the Makino Herbarium (MAK) of Tokyo Metropolitan 
University (see Appendix I-1). The PCR products were labeled with ChromaTide 
Alexa Fluor 488-5-dUTP (Invitrogen, Carlsbad, California, USA) according to the 
method of Kondo et al. (2000). PCR products were run on an automated DNA 
sequencer (ABI PRISM 3100 Genetic Analyzer; Applied Biosystems, Foster City, 
California, USA). The size of PCR products was measured by comparison with the 
GeneScan 500 LIZ Size Standard using GeneScan analysis software (both supplied by 
Applied Biosystems). 
For each locus, the number of alleles (NA), observed heterozygosity (HO), 
expected heterozygosity (HE), and inbreeding coefficient (FIS) were calculated using 
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GenAlEx 6.2 (Peakall and Smouse, 2006). Hardy-Weinberg equilibrium (HWE) and 
linkage disequilibrium (LD) at each locus were tested using GENEPOP 4.0 (Rousset, 
1997). Bonferroni corrections were applied for all multiple tests. In addition, all loci 
were screened in cross-amplification tests for a closely related taxon, E. sylvestris var. 
sylvestris, and the genetic diversity parameters were also calculated for this species. 
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Results 
The de novo pyrosequencing produced 102,583 reads with an average length 
of 390 bp. A total of 11,682 contigs were constructed by MIRA. Then, a total of 267 
EST-SSR primer pairs were designed using MISA and Primer3. 
Forty-eight of the 267 primers pairs that were designed above, for 
nonredundant di- and tri-nucleotide microsatellite loci with large numbers of repeats, 
were checked for PCR amplification. Twenty-eight loci out of 48 loci showed clear 
amplification, with a strong single band for each allele (Table I-1). Twenty-five loci 
among these 28 were clearly polymorphic, and the remaining three loci (Ep_482, 
Ep_3657, and Ep_3769) were monomorphic in the two populations analyzed in this 
chapter. NA ranged from one to 14 and the average NA excluding monomorphic loci 
was 5.88. The HE ranged from 0.093 to 0.864, with an average of 0.517 (Table I-2). 
Although significant deviations (P < 0.05) from HWE were detected for several loci in 
the population on Chichijima Island (Ep_1303 and Ep_4639), no significant deviations 
were detected for the whole data set (Table I-2). Similarly, no significant LD for any 
pair of loci was detected. Moreover, all loci except one were also successfully 
amplified in the population of E. sylvestris var. sylvestris, a closely related taxon to E. 
photiniifolia. In the locus of Ep_3369, more than two alleles were observed at one 
particular locus in every individual of E. sylvestris var. sylvestris, which suggested the 
existence of null alleles. Five loci (Ep_333, Ep_482, Ep_3297, Ep_3657, and 
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Ep_3769) were monomorphic in the population of E. sylvestris var. sylvestris (Table 
I-2). Some new alleles that were not observed in the two populations of E. photiniifolia 
were found during the analysis of E. sylvestris var. sylvestris. Thus, pooling the two 
species, the maximum NA was 17 (Ep_904). Neither significant deviation from HWE 
nor significant LD was detected in the population of E. sylvestris var. sylvestris (Table 
I-2). 
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Discussion 
In this chapter, I designed a large number of primers from ESTs using de 
novo pyrosequencing. Twenty-five loci out of 48 tested loci were polymorphic within 
the 41 samples from the two populations of E. photiniifolia. Most of the developed 
markers showed high levels of polymorphism, and all of the markers except one were 
transferable to a closely related taxon, E. sylvestris var. sylvestris. Therefore, the 
EST-SSR markers developed in this chapter are expected to hold potential for 
population genetic studies of E. photiniifolia and related species. 
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Table I-1. Characteristics of 28 EST-SSR loci for Elaeocarpus photiniifolia. 
 
Note : Ta = annealing temperature. 
Locus GenBank
accession no.
Repeat motif Primer sequences Blast top hit
accession no.
Blast top hit description [organism] E -Value T a
Ep_220 FX134115 (TGA)9 F: CACCACCGACATTACTGGAGACAC XP_002280094.1 PREDICTED: hypothetical protein 0 57
R: TTTTCACTCGCACTCTCTACACACC [Vitis vinifera ]
Ep_333 FX134228 (TG)7 F: AAGTGTTCTTGTGCACCTTCCTCC XP_002313286.1 cytochrome P450 0 57
R: ATAATTCACACCCTTCCGGATTGA [Populus trichocarpa ]
Ep_405 FX134300 (CAC)7 F: CCACCAAACAGATTGTGAACTCCA XP_002513004.1 arginine decarboxylase, putative 0 57
R: GGCCTGGAGTGAGAGGGATTTTAT [Ricinus communis ]
Ep_480 FX134375 (TC)7 F: CAAACTCAGGCGGGGATTTACATA XP_001778805.1 predicted protein 0 57
R: ATTGGCCACCTTGATCTTCTCAAA [Physcomitrella patens  subsp. patens ]
Ep_482 FX134377 (CT)7 F: GGAAGTAGTTCGCAATTTTGTGGC XP_002285398.1 PREDICTED: hypothetical protein 0 57
R: TGTTCCTAAGACTTCCAGCTGTTACTG [Vitis vinifera ]
Ep_839 FX134734 (CTG)6 F: AAGTCTCTAGCGGCTCCTAATGGG XP_002321509.1 high mobility group family 1.2E-32 57
R: GTTCTTGGGCTTCTTCGGCTTAAT [Populus trichocarpa ]
Ep_853 FX134748 (TC)8 F: GGGTTAGGGCTTTTCTCTCTCTAAAAA ACU14662.1 unknown 4.0E-48 57
R: ATGTCACCGACTTCATCGTAGCCT [Glycine max ]
Ep_904 FX134799 (AG)10 F: TTTGGAAAGAGTTTCTTGGCTTGC XP_002533420.1 cholinephosphate cytidylyltransferase, putative 4.2E-127 57
R: GGACCCTCTCTTCCACTTGACGTT [Ricinus communis ]
Ep_1303 FX135198 (CT)7 F: TCCTCTGCTCAACTTCTCTATTCTCTC XP_002521801.1 Patellin-3, putative 1.6E-163 57
R: GTGGTTCTTTCTCCTTGATCGGTT [Ricinus communis ]
Ep_1555 FX135450 (TGG)9 F: CAACGGTTACAAACTTGTCCCTCC XP_002306296.1 predicted protein 0 57
R: CCTCAAGCATGTAAAAGCTGTCCC [Populus trichocarpa ]
Ep_1727 FX135622 (AG)12 F: GCTTAAAAACCGGGAGTGCTCTTT CAN64264.1 PREDICTED: similar to homeodomain protein ARBORKNOX1 4.2E-45 57
R: CATGAAAGGCATCATCATCACCAT [Vitis vinifera ]
Ep_2074 FX135969 (CT)9 F: AGACAGGTTTCCTTCTGGGCTACC AAD48837.1 AF166351_1alanine:glyoxylate aminotransferase 2 homolog 2.5E-150 57
R: AGTCCTGCTTTTTCGGAACCATTT [Arabidopsis thaliana ]
Ep_2130 FX136025 (AT)8 F: CAAACCACCTATTTCTCTACCAGGTT XP_002299055.1 predicted protein 2.1E-159 57
R: CCTGCTTTTCTATCTGCATGGCT [Populus trichocarpa ]
Ep_2229 FX136124 (TC)12 F: TTTGTTTCTTCTTCTCCTCAGCCA XP_002533995.1 conserved hypothetical protein 5.7E-08 57
R: GGTGGAGATAGTGAAACGTGAGGG [Ricinus communis ]
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Table I-1. Continued. 
 
Note : Ta = annealing temperature. 
Locus GenBank
accession no.
Repeat motif Primer sequences Blast top hit
accession no.
Blast top hit description [organism] E -Value T a
Ep_2323 FX136218 (ATT)10 F: ACAACAGAGATCACATCACCCTGC XP_002309050.1 predicted protein 4.5E-55 57
R: AATCGGTGAGTGATTTTAGAGGCG [Populus trichocarpa ]
Ep_3242 FX137137 (GA)9 F: ATTTCTTGGCGACCAAACATCTCT ADB02893.1 PREDICTED: hypothetical protein 2.8E-16 57
R: GACGAAGGTGACGTAGACGGAGTT [Vitis vinifera ]
Ep_3297 FX137192 (AGA)7 F: CCACAGGTGATCAAAACTCAATCG XP_002511612.1 conserved hypothetical protein 8.0E-17 57
R: CGAATTAGGCGTTATCGAATCCAA [Ricinus communis ]
Ep_3369 FX137264 (TAC)7 F: CTGATCTGCCTCAAGTTCCTCTCC ACJ38667.1 cellulose synthase 1.9E-60 57
R: CCACGTAGGAAGGTACCAAAGCAC [Betula luminifera ]
Ep_3433 FX137328 (CCG)7 F: AGCACTGACTCCAACCAATTCCTC XP_002531808.1 unknown 1.4E-118 57
R: ACTCGAGCTATCAAATGCTGGTGG [Populus trichocarpa ]
Ep_3560 FX137455 (AGC)7 F: CATCACCTCGACTGCTATGACCAC XP_002302111.1 predicted protein 3.1E-12 57
R: GTTGGTGCTTTACTGTGTGCTGCT [Populus trichocarpa ]
Ep_3657 FX137552 (GTG)7 F: GTGGATTGGGGAGTAATGGTGGTA XP_002517631.1 conserved hypothetical protein 7.1E-50 57
R: GGGTTTGCTTCAATCATCTTTTGG [Ricinus communis ]
Ep_3769 FX137664 (TTC)6 F: AGCTCAAGGTTGGATGATTGGGTA ACI15345.1 NAC domain protein NAC4 7.1E-110 57
R: GTTCAGTCACCGAGTTAAGCCCTG [Gossypium hirsutum ]
Ep_4005 FX137900 (TC)8 F: CGTTGCCATTTTCACTTTGGGTAT XP_002530870.1 conserved hypothetical protein 1.1E-81 57
R: AAGGTGATGGTGTGAAGGTGGTTT [Ricinus communis ]
Ep_4264 FX138159 (GGT)7 F: TTCAACTTCAAGCTTAGTGCCACA XP_002278936.1 unnamed protein product 2.4E-115 57
R: GAATTTTTGACAGCAGATCCACCC [Vitis vinifera ]
Ep_4357 FX138252 (TG)10 F: GGCTGCTTGTGTAGGACTGGAAAT CAN72319.1 hypothetical protein VITISV_040526 2.7E-39 57
R: AGGGCAAAAGTACAAATTCTCGGC [Vitis vinifera ]
Ep_4597 FX138492 (AAC)7 F: TCTGTTTGTGGGTGGTTTTGTTGT XP_002331381.1 predicted protein 5.0E-33 57
R: GGACTGGTGAGGATCAAGGTCTGT [Populus trichocarpa ]
Ep_4639 FX138534 (CCA)7 F: CCAACAAAGAACATTGAATCCTCCA CBI24333.3 unnamed protein product 4.2E-70 57
R: AGTGATGACCCCACCTCTACCAAA [Vitis vinifera ]
Ep_4887 FX138782 (TC)10 F: GCTAGAAGATCCAGGAGGAACAAA XP_002516480.1 conserved hypothetical protein 2.0E-49 57
R: GTTGTTGTTGGGTTTTGTGTTG [Ricinus communis ]
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TableI-2. Results of primer screening for 28 EST-SSR markers for the two populations of Elaeocarpus photiniifolia and the 
one population of E. sylvestris var. sylvestris; total number of analyzed samples (N), number of alleles (NA), observed heterozygosity 
(HO), expected heterozygosity (HE), and inbreeding coefficient (FIS). 
 
Note : a: Significant deviation from HardyWeinberg equilibrium: ** P < 0.01. 
N N A H O H E F IS a N N A H O H E F IS N N A H O H E F IS N N A H O H E F IS
Ep_220 182-200 20 3 0.350 0.454 0.229 19 4 0.579 0.482 -0.201 39 5 0.462 0.471 0.020 7 6 0.857 0.684 -0.254
Ep_333 395-401 19 4 0.526 0.461 -0.141 20 3 0.450 0.509 0.115 39 4 0.487 0.507 0.038 7 1 - - -
Ep_405 236-242 20 2 0.200 0.180 -0.111 21 1 - - - 41 2 0.098 0.093 -0.051 7 2 0.429 0.500 0.143
Ep_480 123-149 20 10 0.900 0.858 -0.050 21 6 0.762 0.715 -0.065 41 11 0.829 0.820 -0.012 7 5 0.857 0.714 -0.200
Ep_482 182 20 1 - - - 20 1 - - - 40 1 - - - 7 1 - - -
Ep_839 247-268 20 5 0.750 0.590 -0.271 20 5 0.400 0.419 0.045 40 7 0.575 0.558 -0.031 7 2 0.429 0.337 -0.273
Ep_853 136-156 20 8 0.550 0.673 0.182 19 7 0.842 0.765 -0.101 39 10 0.692 0.751 0.078 7 2 0.429 0.337 -0.273
Ep_904 216-248 20 9 0.900 0.804 -0.120 20 11 0.650 0.805 0.193 40 14 0.775 0.831 0.067 7 6 0.571 0.776 0.263
Ep_1303 209-213 20 2 0.000 0.180 1.000 ** 21 1 - - - 41 2 0.000 0.093 1.000 7 3 0.571 0.622 0.082
Ep_1555 291-318 20 7 0.700 0.788 0.111 20 7 0.750 0.724 -0.036 40 8 0.725 0.782 0.073 7 3 0.429 0.449 0.045
Ep_1727 222-244 20 8 0.750 0.801 0.064 20 8 0.750 0.768 0.023 40 11 0.750 0.833 0.099 7 4 0.857 0.643 -0.333
Ep_2074 192-214 20 5 0.650 0.679 0.042 21 5 0.476 0.516 0.077 41 7 0.561 0.639 0.122 7 6 0.714 0.806 0.114
Ep_2130 166-172 20 4 0.450 0.381 -0.180 18 3 0.389 0.397 0.019 38 4 0.421 0.392 -0.073 7 2 0.286 0.408 0.300
Ep_2229 277-287 20 6 0.650 0.741 0.123 21 5 0.619 0.729 0.151 41 6 0.634 0.743 0.147 7 3 0.143 0.357 0.600
Ep_2323 281-293 20 3 0.450 0.491 0.084 17 4 0.353 0.351 -0.005 37 4 0.405 0.434 0.066 7 2 0.714 0.459 -0.556
Ep_3242 178-196 20 3 0.600 0.659 0.089 21 4 0.333 0.328 -0.017 41 4 0.463 0.555 0.165 7 3 0.571 0.582 0.018
Ep_3297 257-272 20 4 0.200 0.269 0.256 19 1 - - - 39 4 0.103 0.146 0.296 7 1 - - -
Ep_3369 163-187 20 3 1.000 0.524 -0.909 20 2 0.950 0.499 -0.905 40 3 0.975 0.512 -0.906 - - - - -
Alleles
size rangeLocus
Chichijima Island Hahajima Island E. sylvestris  var. sylvestrisAll of Elaeocarpus photiniifolia
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TableI-2. Continued. 
 
Note : a: Significant deviation from Hardy-Weinberg equilibrium: * P < 0.05. 
N N A H O H E F IS a N N A H O H E F IS N N A H O H E F IS N N A H O H E F IS
Ep_3433 222-243 19 7 0.684 0.705 0.029 19 3 0.526 0.447 -0.176 38 7 0.605 0.605 -0.001 7 2 0.571 0.408 -0.400
Ep_3560 204-231 20 4 0.200 0.228 0.121 18 2 0.111 0.105 -0.059 38 5 0.158 0.173 0.088 7 2 0.571 0.490 -0.167
Ep_3657 163 19 1 - - - 19 1 - - - 38 1 - - - 7 1 - - -
Ep_3769 296 20 1 - - - 21 1 - - - 41 1 - - - 7 1 - - -
Ep_4005 116-136 20 3 0.300 0.304 0.012 21 1 - - - 41 3 0.146 0.160 0.084 7 2 0.571 0.408 -0.400
Ep_4264 99-117 20 3 0.350 0.371 0.057 19 3 0.474 0.525 0.098 39 4 0.410 0.511 0.196 7 3 0.571 0.612 0.067
Ep_4357 242-272 20 9 0.950 0.829 -0.146 19 12 0.789 0.880 0.102 39 12 0.872 0.864 -0.009 7 3 0.571 0.561 -0.018
Ep_4597 156-165 20 3 0.400 0.485 0.175 21 2 0.667 0.490 -0.361 41 3 0.537 0.494 -0.087 7 2 0.143 0.133 -0.077
Ep_4639 297-306 19 4 0.526 0.659 0.202 * 19 3 0.737 0.633 -0.164 38 4 0.632 0.684 0.076 7 3 0.571 0.602 0.051
Ep_4887 269-277 20 3 0.450 0.434 -0.037 21 3 0.095 0.092 -0.037 41 3 0.268 0.279 0.037 7 3 1.000 0.612 -0.633
20 4.88 0.539 0.542 0.032 20 4.24 0.557 0.532 -0.062 40 5.88 0.503 0.517 0.059 7 3.14 0.565 0.523 -0.086Average
Locus
Alleles
size range
Chichijima Island Hahajima Island All of E. photiniifolia E. sylvestris  var. sylvestris
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Appendix I-1. Voucher information for the Elaeocarpus photiniifolia and E. 
sylvestris var. sylvestris samples used in this chapter. 
 
Taxon Location Voucher specimen number
Elaeocarpus photiniifolia Chichijima Island KS10-EP0036, 0038, 0043, 0045, 0049, 0059,
          0064, 0068, 0070, 0075, 0077, 0078, 0083,
          0090, 0094, 0524, 0526, 0539, 0547
Hahajima Island KS10-EP0180, 0449, 0451, 0452, 0454, 0455, 0457,
          0458, 0460, 0461, 0462, 0464, 0465, 0466,
          0468, 0469, 0470, 0473, 0475, 0477, 0478
E. sylvestris  var. sylvestris Wakayama KS10-EP0492, 0505, 0509, 0512, 0517, 0518, 0519
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Chapter II. 
GENETIC DIFFERENTIATION IN ELAEOCARPUS 
PHOTINIIFOLIA (ELAEOCARPACEAE) ASSOCIATED 
WITH GEOGRAPHICAL DISTRIBUTION AND HABITAT 
VARIATION IN THE BONIN ISLANDS 
 
Introduction 
As mentioned in the General Introduction, Elaeocarpus photiniifolia occurs 
in various vegetation types, dry scrubs and mesic forests, on even a single island. 
However, no morphological differentiation has been reported. Therefore, I considered 
two alternative hypotheses: first, that E. photiniifolia forms a large random-mating 
population on each island and adapts to its various habitats by means of phenotypic 
plasticity; and second, that E. photiniifolia is differentiated into genetically distinct 
groups associated with the different habitats within islands and exhibits assortative 
mating within habitats. 
In this chapter, in order to evaluate these hypotheses, I investigated the 
genetic structure within E. photiniifolia in comparison with that of Elaeocarpus 
sylvestris using nuclear microsatellites derived from expressed sequence tags 
(EST-SSRs) as genetic markers. I addressed the following questions. (1) What degree 
of genetic differentiation exists between E. photiniifolia and the two varieties of E. 
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sylvestris? (2) What degree of genetic divergence and spatial genetic structure occurs 
in E. photiniifolia within and among islands of the Bonin Islands? (3) Does E. 
photiniifolia contain any genetically differentiated groups associated with different 
habitat types? 
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Materials and Methods 
Plant materials 
Elaeocarpus photiniifolia and E. sylvestris are both evergreen trees. Their 
flowers are pollinated by insects, and the seeds are dispersed by birds. The two species 
can be distinguished by differences in leaf shape, petiole length, blade width, and the 
extent of tapering of the base (Tsuyama, 1952; Ohba, 1989). The two varieties of E. 
sylvestris, var. sylvestris and var. pachycarpus, are distinguished by differences in 
flower and leaf morphology, including anther length and petal size, and by the 
presence or absence of hairs on the stems (Tsuyama, 1952; Ohba, 1989). 
Leaf samples were collected from 639 individuals in 19 populations of E. 
photiniifolia across its entire geographical range in the Chichijima and Hahajima 
Island Groups of the Bonin Islands (Table II-1, Fig. II-1). The six vegetation types 
described by Shimizu and Tabata (1991), and Shimizu (1992; 1994), were grouped into 
two habitat types, dry scrubs (Distylium-Schima dry forest, Distylium-Pouteria dry 
scrub, and Rhaphiolepis-Livistona dry forest) and mesic forests (Elaeocarpus-Ardisia 
mesic forest, Pinus-Schima mesic forest, and Dendrocacalia-Fatsia). Six populations 
in dry scrubs and five populations in mesic forests were sampled in the Chichijima 
Island Group. All eight sampled populations on Hahajima Island were located in mesic 
forests; E. photiniifolia has not been recorded in dry scrubs on Hahajima Island (Table 
II-1, Fig. II-1). Leaf samples were also collected from 29 E. sylvestris var. sylvestris 
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individuals in one population on the Japanese mainland and from 24 E. sylvestris var. 
pachycarpus individuals in one population on Kitaiwoto Island in the Volcanic Island 
Group of the Bonin Islands (Table II-1, Fig. II-1). Leaf samples collected in the field 
were desiccated with silica gel for later DNA extraction. In each population, the 
locations of the sampled individuals were recorded using a GPS receiver (Garmin 
GPSmap60CSx), and voucher specimens were collected and deposited on Makino 
Herbarium (MAK), Tokyo Metropolitan University. 
 
Molecular analysis 
Total genomic DNA was extracted from the dried leaves using a 
cetyltrimethylammonium bromide (CTAB) method modified from Doyle and Doyle 
(1987). Genotypes were determined at 24 loci of EST-SSRs developed for E. 
photiniifolia: Ep_220, Ep_333, Ep_405, Ep_480, Ep_839, Ep_853, Ep_904, Ep_1303, 
Ep_1555, Ep_1727, Ep_2074, Ep_2130, Ep_2229, Ep_2323, Ep_3242, Ep_3297, 
Ep_3433, Ep_3560, Ep_4005, Ep_4264, Ep_4357, Ep_4597, Ep_4639, and Ep_4887, 
which had been developed in Chapter I (Sugai et al., 2012). DNA fragments were 
amplified by multiplex PCR using two sets of 12 primer pairs with fluorescently 
tagged forward primers (6-FAM, VIC, NED, or PET; Applied Biosystems, Foster City, 
California, USA) following the method of the standard protocol of the QIAGEN 
Multiplex PCR Kit (QIAGEN, Hilden, Germany). Electrophoregrams of the PCR 
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products were obtained using an automated DNA sequencer (ABI PRISM 3100 
Genetic Analyzer; Applied Biosystems). The lengths of the PCR products were 
determined by comparison with GeneScan 500 LIZ Size Standard using GeneScan 
analysis software (both supplied by Applied Biosystems), and genotypes were scored 
using Genotyper software (Applied Biosystems). 
 
Data analysis 
To check whether each locus met the requirements for population genetic 
analysis, departures from Hardy-Weinberg equilibrium (HWE) at each locus was 
tested for each taxon and population using an exact test in FSTAT 2.9.3.2 (Goudet, 
2002). Bonferroni corrections were applied for all multiple tests. The linkage 
disequilibrium (LD) between loci in each population was tested using an exact test in 
FSTAT 2.9.3.2. Because my markers were derived from expressed genes, deviation 
from neutrality was tested at each locus. Evidence for positive or balancing selection 
was detected using the FST-outlier approach (Beaumont and Nichols, 1996; Beaumont, 
2005) implemented in LOSITAN (Antao et al., 2008). In the analyses implemented by 
this software, relationships between the expected heterozygosity (HE) and Wright’s 
coefficient of genetic differentiation (FST) are examined to identify outlier loci with 
excessively high or low FST values compared to the neutral expectation under an island 
migration model. The tests for outlier loci were performed using an infinite allele 
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model with 1,000,000 simulations and a confidence interval of 0.95. Loci in HWE 
without LD in most populations and that were not outlier loci were selected for 
subsequent population genetic analysis. These loci are likely to be selectively neutral 
and independent of each other, with few null alleles (Luikart et al., 2003). 
To elucidate the characteristics of each population, the following descriptive 
parameters were calculated based on multilocus genotypes at the selected loci using 
GenAlEx 6.4.1 (Peakall and Smouse, 2006) and FSTAT 2.9.3.2: the mean number of 
alleles per locus (NA), allelic richness (RA), observed heterozygosity (HO), expected 
heterozygosity (HE), Weir and Cockerham’s (1984) estimate of Wright’s inbreeding 
coefficient (FIS), and total number of private alleles (PA). The deviation of FIS from 
zero was tested for each population by using an exact test in FSTAT 2.9.3.2. 
To examine genetic differentiation between populations, Weir and 
Cockerham’s (1984) estimate of pairwise FST was calculated using FSTAT 2.9.3.2. 
The deviation of each pairwise FST from zero was tested based on 1,000 
randomizations. Differences in pairwise FST were tested among five categories: (1) 
between species (E. photiniifolia and E. sylvestris var. sylvestris or var. pachycarpus), 
(2) between the Chichijima and Hahajima Island Groups within E. photiniifolia, (3) 
between the two habitats (dry scrubs and mesic forests) within the Chichijima Island 
Group, (4) within each habitat in the Chichijima Island Group, and (5) within 
Hahajima Island. These tests employed Tukey’s multiple comparison method for 
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logit-transformed FST [ln (FST / (1 - FST))] to make the variances similar among the 
categories using function the Tukey HSD function in R 2.14.2 (R Development Core 
Team, 2011). 
Genetic relationships among populations were evaluated through a principal 
coordinate analysis (PCoA) of Nei’s genetic identity (Nei, 1987) using GenAlEx 6.4.1 
and the program PCO 2.0 (Iwata, 2005). 
Genetic structure was evaluated through a Bayesian clustering analysis using 
STRUCTURE 2.3.1 (Pritchard, Stephens, and Donnelly, 2000; Falush, Stephens, and 
Pritchard, 2003; Falush, Stephens, and Pritchard, 2007). This analysis uses individual 
multilocus genotypes to detect population structure without the a priori assignment of 
individuals to populations. The probability that each individual belonged to a given 
cluster, assuming gene pools with the least possible LD and the smallest possible 
departure from HWE, was estimated using the Markov chain Monte Carlo method. 
Based on an admixture model with correlated allele frequencies, individuals were 
assigned to K clusters. Ten independent runs were carried out using a burn-in period of 
100,000 and posterior probabilities were obtained from 100,000 iterations for each 
number of clusters, K = 1 to 10. The most likely value of K was assessed using the 
mean log-likelihood at each K and the rate of change of the log-likelihoods between 
adjacent K values, ∆K (Evanno, Regnaut, and Goudet, 2005). These analyses were 
performed using four datasets: (1) all the samples from the three studied Elaeocarpus 
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taxa; (2) all samples from E. photiniifolia; (3) the E. photiniifolia samples from the 
Chichijima Island Group; and (4) the E. photiniifolia samples from Hahajima Island. 
To evaluate the spatial genetic structure among E. photiniifolia populations, 
the genetic and spatial data were used to investigate the patterns of isolation by 
distance (IBD) (Wright, 1943) through Mantel tests (Mantel, 1967), which were 
performed with 9,999 permutations in GenAlEx 6.4.1. The association between a 
matrix of the natural logarithms of geographic distance [ln (geographic distance (km))] 
and a matrix of adjusted pairwise genetic differentiation values [FST / (1 - FST)] was 
also examined (Rousset, 1997). These analyses were performed for the entire E. 
photiniifolia dataset and separately for the Chichijima and Hahajima Island populations 
to eliminate the influence of the geographic barrier posed by the intervening ocean. 
Finally, to detect outlier loci indicating significant deviation from the neutral 
expectations in the Chichijima Island Group populations, which occur in both dry 
scrubs and mesic forests, an FST-outlier analysis for all 24 loci was performed using 
LOSITAN. The allele frequencies at the detected outlier loci with excessively high FST 
values were compared among the populations. 
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Results 
Characteristics of the examined loci 
The 24 examined loci were polymorphic except for locus Ep_3297, which 
was monomorphic in E. sylvestris var. sylvestris, and loci Ep_405, Ep_1303, Ep_1555, 
Ep_3297, and Ep_3560, which were monomorphic in E. sylvestris var. pachycarpus. 
Across the polymorphic loci, the number of alleles ranged from 4 to 18 in E. 
photiniifolia, from two to seven in E. sylvestris var. sylvestris, and from two to four in 
E. sylvestris var. pachycarpus. 
The exact tests for HWE across all combinations of the 21 populations and 
24 loci revealed that only one of the 504 cases deviated from HWE (P < 0.05 after 
Bonferroni correction): locus Ep_1303 was not in HWE in population Ep-HHKe-M. 
Significant LD was not detected for any pair of loci in any population. 
Seven outlier loci were detected with excessively high or low FST values 
compared to the neutral expectation. Among these loci, Ep_904, Ep_1727, Ep_2229, 
Ep_3297, and Ep_4357 exhibited lower FST values, while Ep_4005 and Ep_4264 
exhibited higher FST values than the neutral expectation. Based on these results, these 
seven loci were excluded and the remaining 17 loci (Ep_220, Ep_333, Ep_405, 
Ep_480, Ep_839, Ep_853, Ep_1303, Ep_1555, Ep_2074, Ep_2130, Ep_2323, Ep_3242, 
Ep_3433, Ep_3560, Ep_4597, Ep_4639, and Ep_4887) were selected for further 
analyses. These loci were in HWE without LD in most populations. 
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Population genetic parameters of the species and populations 
The calculated parameters describing the genetic diversity within 
populations differed among the three taxa (Table II-2). The allelic richness was highest 
in E. photiniifolia (3.34 ≤ RA ≤ 4.69), followed by E. sylvestris var. sylvestris (RA = 
3.26) and E. sylvestris var. pachycarpus (RA = 2.04). On the other hand, the expected 
heterozygosity was equally high in E. photiniifolia (0.398 ≤ HE ≤ 0.534) and E. 
sylvestris var. sylvestris (HE = 0.484), and lower in E. sylvestris var. pachycarpus (HE 
= 0.229). The populations of the three taxa harbored from 0 to 6 private alleles each. 
The estimates of inbreeding coefficients were significantly positive in two populations 
(FIS = 0.156 in population Es-WKY and FIS = 0.158 in Ep-CCC-M). 
 
Genetic differentiation among species and populations 
The pairwise FST estimates were highest between E. photiniifolia and E. 
sylvestris var. sylvestris (0.307 ≤ FST ≤ 0.400) and between E. photiniifolia and E. 
sylvestris var. pachycarpus (0.345 ≤ FST ≤ 0.470), lower between the Chichijima and 
Hahajima Island Groups within E. photiniifolia (0.033 ≤ FST ≤ 0.121) and between the 
dry scrubs and mesic forests within the Chichijima Island Group (0.005 ≤ FST ≤ 0.071), 
and lowest within each habitat in the Chichijima Island Group (0.001 ≤ FST ≤ 0.070) 
and within Hahajima Island (0.006 ≤ FST ≤ 0.037) (Fig. II-2 and Appendix II-1). 
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Significantly positive values of pairwise FST values were detected in all population 
pairs except for 2 of the 30 pairs between habitats and 17 of the 25 pairs within 
habitats in the Chichijima Island Group and 9 of the 28 pairs within Hahajima Island 
(Appendix II-1). The genetic differentiation between the dry scrubs and mesic forests 
within the Chichijima Island Group was significantly lower than that between the 
species (P < 0.001) and between the island groups (P = 0.001) and significantly higher 
than within habitats in the Chichijima Island Group (P < 0.001) or within Hahajima 
Island (P < 0.001) (Fig. II-2). 
 
Population genetic structure 
The first two principal coordinate of the PCoA for the three taxa explained 
42.8% and 18.3% of the total genetic variation (Fig. II-3a). The first axis separated the 
two species (E. photiniifolia and E. sylvestris), and the second axis separated the two 
varieties of E. sylvestris. The first two principal coordinate of the PCoA for E. 
photiniifolia explained 45.4% and 14.8% of the total genetic variation (Fig. II-3b). In 
the PCoA for E. photiniifolia, the Hahajima Island populations were clustered together, 
whereas the Chichijima Island Group populations were generally separated into two 
groups. The first axis separated the three population groups (dry scrubs and mesic 
forests in the Chichijima Island Group and mesic forests on Hahajima Island), and the 
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second axis separated the populations in mesic forests in the Chichijima Island Group 
from the other populations. 
The Bayesian clustering analysis was performed to infer population structure 
and to estimate the number of genetic clusters into which the sampled individuals 
could be grouped. Using the entire dataset for all three taxa, the most likely number of 
clusters was three based on the ∆K value (Fig. II-4a). At K = 3, 98.4% of E. sylvestris 
var. sylvestris genotypes and 97.9% of E. sylvestris var. pachycarpus genotypes 
belonged to cluster I, 83.0% of Chichijima Island Group E. photiniifolia genotypes 
belonged to cluster II, and 95.0% of Hahajima Island E. photiniifolia genotypes 
belonged to cluster III (Fig. II-5a). For the E. photiniifolia dataset, the ∆K values 
supported K = 2 (Fig. II-4b). These two clusters corresponded to the Island Groups 
(Fig. II-5b): 81.2% of Chichijima Island Group E. photiniifolia genotypes belonged to 
cluster I, and 94.3% of Hahajima Island E. photiniifolia genotypes belonged to cluster 
II. The ∆K value clearly indicated K = 2 for the Chichijima Island Group (Fig. II-4c), 
whereas the log-likelihood value was highest at K = 1 for Hahajima Island (Fig. II-4d). 
The clustering of the individuals from each island group at K = 2 is shown in Figs. 
II-5c and II-5d. In the Chichijima Island Group, genotypes found in dry scrubs mostly 
belonged to cluster I (from 61.7% in Ep-CCY-D to 83.2% in Ep-CCHi-D), while those 
found in mesic forests usually belonged to cluster II (from 63.1% in Ep-CCC-M to 
89.2% in Ep-CCF-M) (Fig. II-5c). On Hahajima Island, admixture between the clusters 
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occurred across populations, and no obvious genetic structure was found at K = 2 (Fig. 
II-5d). 
 
Spatial genetic structure within E. photiniifolia 
Contrasting patterns of spatial genetic structure were detected in E. 
photiniifolia at different spatial scales (Fig. II-6). Significant IBD was detected among 
the 19 populations in the Chichijima and Hahajima Island Groups (r = 0.709, P < 
0.001; Fig. II-6a). Within islands, significant spatial structure was not detected on 
either Chichijima Island (r = 0.165, P = 0.169; Fig. II-6b) or Hahajima Island (r = 
0.228, P = 0.179; Fig. II-6c). On Chichijima Island, population pairs within habitats 
showed less genetic differentiation than population pairs between the different habitats, 
regardless of the geographic distance between the populations (Fig. II-6b). Significant 
IBD was detected among pairs within habitats on Chichijima Island (r = 0.467, P = 
0.034), whereas significant IBD was not observed among pairs between different 
habitats (r = 0.206, P = 0.192). 
 
Analysis of outlier loci between genetically differentiated groups of E. 
photiniifolia in the Chichijima Island Group 
Significant deviation from the neutral expectation was detected at two loci of 
the 24 loci among populations in the Chichijima Island Group, where genetic 
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differentiation was detected between different habitats as described above. Locus 
Ep_4264 showed higher FST values, while locus Ep_1555 showed lower FST values 
than expected under neutral equilibrium conditions. At locus Ep_4264, allele 108 
dominated in the populations from dry scrubs, whereas allele 111 dominated in the 
populations from mesic forests (Fig. II-7). 
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Discussion 
Genetic differentiation between E. photiniifolia and E. sylvestris 
My first aim was to examine the extent of genetic differentiation between E. 
photiniifolia and E. sylvestris. The geographical range of E. photiniifolia is located 
between those of the two varieties of E. sylvestris (Fig. II-1). This irregular pattern of 
geographical distribution raises questions regarding the genetic differentiation between 
E. photiniifolia and E. sylvestris and the genetic similarity between the two varieties of 
E. sylvestris. In my genetic analysis, however, the two species were clearly separated on 
the first axis in the PCoA (Fig. II-3a), and the two varieties of E. sylvestris were found 
within the same cluster in the Bayesian clustering analysis (Fig. II-5a). Moreover, a 
previous study using cpDNA has shown that E. sylvestris var. pachycarpus shares the 
same haplotype with E. sylvestris var. sylvestris, whereas E. photiniifolia has a unique 
haplotype (Aoki et al., 2004). All of these data suggest clear genetic differentiation 
between the two species and support the taxonomic treatment of the three taxa based on 
their morphological characteristics (Tsuyama, 1952; Ohba, 1989). 
In terms of allelic richness, the level of genetic diversity was highest in E. 
photiniifolia (Table II-2). However, this result may be due to ascertainment bias in the 
process of developing the EST-SSR markers used in this study (Forbes et al., 1995; 
Hutter, Schug, and Aquadro, 1998). Because the microsatellite library from which the 
genetic markers were developed was originally constructed from E. photiniifolia, it 
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would tend to contain longer repeats of microsatellite motifs from this taxon, leading to 
higher polymorphism in E. photiniifolia than in the other two taxa. Genetic diversity 
was lower in E. sylvestris var. pachycarpus from the Volcanic Island Group, which lies 
in the southernmost part of the Bonin Islands, than in E. sylvestris var. sylvestris from 
the Japanese mainland (Table II-2). Normally, populations on oceanic islands are 
expected to have less genetic variation than continental populations. Insular 
colonization generally involves a few founder individuals (Whittaker and 
Fernández-Palacios, 2007) and typically results in a genetic bottleneck (Avise, 1994). 
Thus, during the founding of populations on oceanic islands, subsampling of individuals 
from the source populations may lead to reduced genetic variation (Chakraborty and Nei, 
1977; Frankham, 1997; Abdelkrim, Pascal, and Samadi, 2005). Such a bottleneck effect 
most likely contributed to the low genetic diversity of E. sylvestris var. pachycarpus. 
 
Genetic differentiation in E. photiniifolia 
The most remarkable result of the PCoA (Fig. II-3b) and Bayesian clustering 
(Fig. II-5c) analyses for E. photiniifolia is the occurrence of two genetically distinct 
groups associated with dry scrubs and mesic forests in the Chichijima Island Group. 
This result contradicts the hypothesis that E. photiniifolia forms a large random-mating 
population across the different habitats. However, this result supports the hypothesis 
that this species forms genetically differentiated groups within a single island. The 
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extent of genetic differentiation between E. photiniifolia populations in dry scrubs and 
mesic forests (0.005 ≤ FST ≤ 0.071) was much less than that between E. photiniifolia 
and E. sylvestris (0.307 ≤ FST ≤ 0.470) and slightly less than that between E. 
photiniifolia populations in the Chichijima and Hahajima Island Groups (0.033 ≤ FST ≤ 
0.121) (Fig. II-2). Thus, the divergence between the populations in different habitats 
appears to be recent compared to the divergence of the two species, and gene flow is 
more frequent between the populations in different habitats than between the island 
groups. 
The genetic differentiation between the Chichijima and Hahajima Island 
Groups indicated restricted gene flow. They are separated from each other by 
approximately 50 km (Fig. II-1). This distance across the sea is likely to prevent 
pollinators and seed dispersers from traveling between the island groups. Although 
little is known about the pollinators of E. photiniifolia, a previous study suggested that 
Elaeocarpus flowers require buzz pollination by bees and beetles (Matthews and 
Endress, 2002). Therefore, various insect taxa, such as the endemic large carpenter bee, 
Xylocopa (Koptortosoma) ogasawarensis Matsumura, and the introduced honey bee, 
Apis mellifera L., are most likely responsible for pollen movement in E. photiniifolia 
(Goubara, 2002; Abe, 2006). Most of these insects are able to forage in flowers over 
several kilometers (Pasquet et al., 2008), but would have difficulty moving more over 
50 km across the sea. The edible parts of mature E. photiniifolia fruits are eaten by 
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birds, such as the indigenous brown-eared bulbul, Hypsipetes amaurotis (Temminck), 
and mammals, such as introduced black rat, Rattus rattus L. These animals 
occasionally disperse E. photiniifolia seeds (Watanabe, Kato, and Wakabayashi, 2003; 
Kawakami, Mizusawa, and Higuchi, 2009). Originally, E. photiniifolia fruits are 
thought to have been dispersed by the native jungle crow, Corvus macrorhynchos 
(Wagler) (Kawakami, Mizusawa, and Higuchi, 2009), which disappeared from the 
Bonin Islands by the 1920s (Momiyama, 1930). Moreover, this bird occurred only in 
the northern Bonin Islands, including the Chichijima Island Group, and was not 
recorded in the Hahajima Island Group (Momiyama, 1930). Thus, the main seed 
dispersers of E. photiniifolia today appear to be bulbuls, whose movements are usually 
restricted to within an approximately 300 m home range (Fukui, 1995). Thus, their 
movement between the island groups is most likely scarce. Considering all of these 
factors, gene exchange between E. photiniifolia populations in the Chichijima and 
Hahajima Island Groups is likely to be rare. 
In contrast to the infrequent gene flow between the island groups, gene flow 
within each island appears to be more frequent due to the mobility of the pollinators 
and seed dispersers discussed above. Thus, a panmictic pattern of spatial genetic 
structure was expected. This prediction was supported for the populations on Hahajima 
Island, where IBD was not detected (Fig. II-6c), but was not supported for those on 
Chichijima Island, where positive IBD was detected within the same habitats. Different 
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degrees of habitat fragmentation may be responsible for this difference in spatial 
genetic structure between the islands. Although multiple vegetation types occur on 
both islands, mesic forests are distributed continuously across much of the central part 
of Hahajima Island, while dry scrubs are limited to small areas at the northern and 
southern ends of the island (Shimizu, 1994). Furthermore, E. photiniifolia populations 
occur only in mesic forests on Hahajima Island. On Chichijima Island, E. photiniifolia 
occurs in both dry scrubs and mesic forests, and most populations in the same habitat 
type are separated from each other by other habitat type. Therefore, in contrast to the 
populations on Hahajima Island, the populations on Chichijima Island are divided into 
fragmented habitats in the mosaic pattern of vegetation types. Habitat fragmentation in 
tree species usually results in reduced gene flow between habitats, although 
long-distance pollen and seed dispersals are sometimes facilitated between the 
fragmented habitats (Vranckx et al., 2012). Therefore, gene flow appears to be more 
restricted in the fragmented habitats of Chichijima Island than in the continuous 
habitats on Hahajima Island. On the other hand, IBD was not detected in all population 
pairs or in population pairs between different habitats on Chichijima Island (Fig. II-6b). 
These results indicate that genetic differentiation in these pairs of populations on this 
island is mainly determined by habitat differences rather than by geographical distance. 
Genetic differentiation associated with different habitats in the Chichijima 
Island Group also suggests restricted gene flow. Barriers of gene flow include 
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pre-mating and post-mating isolation. One form of pre-mating isolation, a difference in 
flowering phenology, is an important mechanism to restrict gene flow. Two sympatric 
species of Howea palms on Lord Howe Island have morphologically diverged between 
different habitat types through a difference in flowering phenology, and these species 
are regarded as one of the most convincing examples of sympatric speciation 
(Savolainen et al., 2006; Babik et al., 2009). The feasibility of sympatric or parapatric 
speciation via differences in flowering phenology has received theoretical support 
(Crosby, 1970; Gavrilets and Vose, 2007). In Machilus boninensis Koidz., which is 
endemic to the Bonin Islands, two genetically distinct groups growing in dry and mesic 
habitats exhibit different flowering phenologies (Tsuneki, Kato, and Murakami, 2012). 
Flowering phenology of E. photiniifolia should be observed in dry scrubs and mesic 
forests. On the other hand, an effective mechanism of post-mating isolation is reduced 
hybrid fitness due to ecological mismatches between the intermediate or segregated 
phenotypes of the hybrids and different environmental conditions (Coyne and Orr, 
2004; Rundle and Nosil, 2005). A significant difference in soil moisture content 
between dry scrubs and mesic forests has been reported on Chichijima Island (Yoshida 
et al., 2002). The fitness of hybrids between the genetically differentiated groups of E. 
photiniifolia in the two different habitats should be examined in the future. 
No morphological differences in E. photiniifolia have been reported, despite 
the genetic differentiation associated with dry scrubs and mesic forests found in this 
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chapter. Variation in morphological and physiological traits involved in adaptation to 
different environmental conditions, such as drought tolerance, is expected to occur 
between genetically differentiated groups. Among expressed genes, polymorphic loci 
for which allele frequency differs more between habitats than would be predicted based 
on the genetic differentiation of neutral loci may be candidate genes for the adaptive 
traits. In this study, nuclear microsatellites derived from expressed genes, some of 
which were outlier loci that deviated from selective neutrality. Among these outlier loci, 
locus Ep_4264 is a candidate gene that exhibits an extreme difference in allele 
frequency between the two habitat types (Fig. II-7). However, this locus is annotated as 
an unnamed protein product of Vitis vinifera (XP_002278936.1) (Sugai et al., 2012); 
therefore, it is difficult to predict the function of the expressed gene. To understand the 
hypothetical ecological speciation process in E. photiniifolia, it is necessary to 
investigate the traits responsible for adaptation to the different habitat types and to 
assess the divergent selection acting upon these traits in the genetically differentiated 
groups. 
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Table II-1. Sampling localities for the three studied Elaeocarpus taxa. 
 
Population ID Location Habitat type Latitude (°N) Longitude (°E) Elevation (m)
Mainland of Japan
Es-WKY Miyayama Honshu (Wakayama) - 34.2635 135.1412  30
Bonin Islands
Chichijima Island Group
Ep-COT-M Ototojima Ototojima mesic forest 27.1629 142.1901 160
Ep-CAN-D Anijima Anijima dry scrub 27.1192 142.2139 180
Ep-CCA-D Asahiyama Chichijima dry scrub 27.0953 142.2123 210
Ep-CCY-D Yoakeyama Chichijima dry scrub 27.0889 142.2164 250
Ep-CCHa-D Hatsuneura Chichijima dry scrub 27.0771 142.2197 230
Ep-CCHi-D Higashidaira Chichijima dry scrub 27.0740 142.2238 260
Ep-CCC-M Chuosan Chichijima mesic forest 27.0741 142.2189 300
Ep-CCF-M Fukiwariyama Chichijima mesic forest 27.0700 142.2112 130
Ep-CCS-M Shigureyama Chichijima mesic forest 27.0566 142.2154 260
Ep-CCT-M Tsuitateyama Chichijima mesic forest 27.0498 142.2120 250
Ep-CCCi-D Chihiroiwa Chichijima dry scrub 27.0452 142.2082 250
Hahajima Island Group
Ep-HHH-M Higashiyama Hahajima mesic forest 26.6993 142.1487 240
Ep-HHKo-M Koushinyama Hahajima mesic forest 26.6848 142.1414 190
Ep-HHN-M Nagahama Hahajima mesic forest 26.6734 142.1512 190
Ep-HHS-M Sekimon Hahajima mesic forest 26.6784 142.1580 280
Ep-HHKu-M Kuwanokiyama Hahajima mesic forest 26.6623 142.1517 250
Ep-HHU-M Uchuzawa Hahajima mesic forest 26.6606 142.1561 310
Ep-HHC-M Chibusayama Hahajima mesic forest 26.6551 142.1620 280
Ep-HHKe-M Kensakiyama Hahajima mesic forest 26.6494 142.1693 220
Elaeocarpus sylvestris  var. pachycarpus Volcanic Island Group
Esp-KIW Kitaiwoto Kitaiwoto - 25.4366 141.2830 470
Region-Island group-Island
Elaeocarpus sylvestris  var. sylvestris
Elaeocarpus photiniifolia
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Table II-2. Population genetic parameters estimated from 17 EST-SSR markers 
for the sampled population of each taxon (Elaeocarpus sylvestris var. sylvestris, E. 
photiniifolia, and E. sylvestris var. pachycarpus): total number of analyzed samples (N), 
mean number of alleles per locus (NA), allelic richness (RA), observed heterozygosity 
(HO), expected heterozygosity (HE), inbreeding coefficient (FIS), HWE exact tests 
results (HWE; * P < 0.05), and total number of private alleles (PA). For population 
localities, see Table II-1 and Fig. II-1. 
 
N N A R A H O H E F IS HWE P A
Elaeocarpus sylvestris  var. sylvestris
Es-WKY 29 3.53 3.26 0.418 0.484 0.156 * 4
Elaeocarpus photiniifolia
Ep-COT-M 18 3.59 3.52 0.493 0.470 -0.022 0
Ep-CAN-D 33 5.06 4.20 0.469 0.503 0.084 1
Ep-CCA-D 21 4.41 4.09 0.446 0.482 0.099 0
Ep-CCY-D 28 4.94 4.22 0.513 0.508 0.009 4
Ep-CCHa-D 25 4.82 4.19 0.525 0.497 -0.035 0
Ep-CCHi-D 54 5.53 4.36 0.525 0.530 0.018 1
Ep-CCC-M 27 5.35 4.69 0.460 0.534 0.158 * 6
Ep-CCF-M 31 4.18 3.66 0.442 0.443 0.018 0
Ep-CCS-M 25 4.12 3.82 0.466 0.454 -0.006 0
Ep-CCT-M 34 4.06 3.62 0.417 0.444 0.077 1
Ep-CCCi-D 41 4.53 3.84 0.463 0.487 0.060 1
Ep-HHH-M 34 3.76 3.36 0.443 0.437 0.001 0
Ep-HHKo-M 33 4.12 3.58 0.448 0.452 0.025 0
Ep-HHN-M 39 4.00 3.55 0.459 0.432 -0.049 0
Ep-HHS-M 40 4.41 3.57 0.418 0.430 0.042 0
Ep-HHKu-M 47 3.88 3.34 0.414 0.415 0.012 1
Ep-HHU-M 31 4.00 3.60 0.488 0.459 -0.047 1
Ep-HHC-M 26 3.88 3.50 0.373 0.398 0.082 0
Ep-HHKe-M 52 4.94 3.80 0.430 0.445 0.045 2
total 639 86
mean 33.6 4.40 3.82 0.457 0.464 0.030 0.9
Elaeocarpus sylvestris  var. pachycarpus
Esp-KIW 24 2.18 2.04 0.230 0.229 0.016 2
Population ID
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Fig. II-1. Location of the Bonin Islands and of Elaeocarpus sylvestris var. 
sylvestris, E. photiniifolia, and E. sylvestris var. pachycarpus populations analyzed in 
this chapter. Population IDs are given in Table II-1. ○, populations growing in dry 
scrubs; ●, populations growing in mesic forests in the Bonin Islands. 
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Fig. II-2. Box plots of the pairwise FST estimates between species 
(Elaeocarpus photiniifolia and E. sylvestris var. sylvestris or var. pachycarpus), and 
four categories of populations in E. photiniifolia. 
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Fig. II-3. Principal coordinate analysis (PCoA) of genetic variation among (a) 
21 populations of the three studied Elaeocarpus taxa and (b) 19 populations of E. 
photiniifolia in the Bonin Islands. 
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Fig. II-4. Bayesian clustering results (STRUCTURE; Pritchard, Stephens, and Donnelly, 2000) for the three studied 
Elaeocarpus taxa. (a) All Elaeocarpus samples, (b) all E. photiniifolia samples, (c) E. photiniifolia in the Chichijima Island Group, and 
(d) E. photiniifolia on Hahajima Island. The upper graphs show the mean ln Pr (X|K) ± s. d. over 10 runs for each value of K. The 
lower graphs show ∆K (Evanno, Regnaut, and Goudet, 2005). 
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Fig. II-5. Bayesian clustering results (STRUCTURE; Pritchard, Stephens, and Donnelly, 2000) for the three studied 
Elaeocarpus taxa. (a) All samples of Elaeocarpus, (b) all E. photiniifolia samples, (c) E. photiniifolia in the Chichijima Island Group, 
and (d) E. photiniifolia on Hahajima Island. Vertical columns represent individual plants, and the heights of the bars of each color are 
proportional to the posterior means of the estimated admixture proportions. For population localities, see Table II-1 and Fig. II-1. 
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Fig. II-6. Relationships between pairwise genetic differentiation and the natural 
logarithms of geographical distance for (a) all 19 E. photiniifolia populations, (b) nine 
E. photiniifolia populations on Chichijima Island, and (c) eight E. photiniifolia 
populations on Hahajima Island. For (b) and (c): ○, population pairs within dry scrubs; 
●, population pairs within mesic forests; ×, population pairs across different habitats. 
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Fig. II-7. Allele frequencies at locus Ep_4264 in E. photiniifolia in the 
Chichijima Island Group. White bars represent populations in dry scrubs, and black 
bars represent populations in mesic forests. 
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Appendix II-1. Pairwise FST estimates (below the diagonal) and genetic differentiation test results (above the diagonal) for 21 
populations of the three studied Elaeocarpus taxa. The area of enclosed by a dotted line represents population pairs within the 
Chichijima Island Group, and the shaded regions represent population pairs within the same habitats. For population localities, see 
Table II-1 and Fig. II-1. 
 
Es-WKY Ep-COT-M Ep-CAN-D Ep-CCA-D Ep-CCY-D Ep-CCHa-D Ep-CCHi-D Ep-CCC-M Ep-CCF-M Ep-CCS-M Ep-CCT-M Ep-CCCi-D
Es-WKY 0 * * * * * * * * * * *
Ep-COT-M 0.3230 0 * * * * * * * * * *
Ep-CAN-D 0.3306 0.0590 0 NS NS NS NS * * * * *
Ep-CCA-D 0.3306 0.0703 0.0051 0 NS NS NS NS * * * NS
Ep-CCY-D 0.3280 0.0475 0.0073 0.0061 0 NS NS NS * * * *
Ep-CCHa-D 0.3214 0.0561 0.0022 0.0135 0.0131 0 NS * * * * *
Ep-CCHi-D 0.3069 0.0706 0.0090 0.0048 0.0111 0.0011 0 * * * * *
Ep-CCC-M 0.3181 0.0391 0.0229 0.0224 0.0050 0.0232 0.0278 0 NS NS NS *
Ep-CCF-M 0.3768 0.0561 0.0648 0.0698 0.0365 0.0587 0.0663 0.0053 0 NS NS *
Ep-CCS-M 0.3673 0.0695 0.0663 0.0631 0.0432 0.0583 0.0593 0.0163 0.0125 0 NS *
Ep-CCT-M 0.3742 0.0466 0.0573 0.0527 0.0314 0.0555 0.0618 0.0073 0.0050 0.0167 0 *
Ep-CCCi-D 0.3406 0.0620 0.0161 0.0135 0.0214 0.0084 0.0223 0.0307 0.0676 0.0645 0.0616 0
Ep-HHH-M 0.3891 0.0813 0.0999 0.1210 0.0905 0.1121 0.1185 0.0636 0.0737 0.0733 0.0723 0.1130
Ep-HHKo-M 0.3692 0.0652 0.0776 0.0964 0.0586 0.0911 0.0995 0.0444 0.0546 0.0663 0.0528 0.0922
Ep-HHN-M 0.4002 0.0678 0.0740 0.0998 0.0620 0.0852 0.1038 0.0529 0.0599 0.0780 0.0570 0.0832
Ep-HHS-M 0.3879 0.0668 0.0725 0.0858 0.0601 0.0740 0.0871 0.0444 0.0525 0.0567 0.0539 0.0839
Ep-HHKu-M 0.3974 0.0562 0.0808 0.1035 0.0608 0.0892 0.1032 0.0506 0.0544 0.0688 0.0551 0.1035
Ep-HHU-M 0.3545 0.0504 0.0614 0.0735 0.0462 0.0670 0.0729 0.0412 0.0469 0.0433 0.0392 0.0807
Ep-HHC-M 0.3922 0.0619 0.0694 0.0822 0.0541 0.0778 0.0881 0.0543 0.0551 0.0603 0.0536 0.0804
Ep-HHKe-M 0.3714 0.0500 0.0633 0.0793 0.0464 0.0674 0.0855 0.0344 0.0414 0.0457 0.0331 0.0718
Esp-KIW 0.4617 0.4276 0.3664 0.3953 0.3845 0.3791 0.3446 0.3609 0.4176 0.4208 0.3993 0.3776
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Appendix II-1. Continued. 
 
Ep-HHH-M Ep-HHKo-M Ep-HHN-M Ep-HHS-M Ep-HHKu-M Ep-HHU-M Ep-HHC-M Ep-HHKe-M Esp-KIW
Es-WKY * * * * * * * * *
Ep-COT-M * * * * * * * * *
Ep-CAN-D * * * * * * * * *
Ep-CCA-D * * * * * * * * *
Ep-CCY-D * * * * * * * * *
Ep-CCHa-D * * * * * * * * *
Ep-CCHi-D * * * * * * * * *
Ep-CCC-M * * * * * * * * *
Ep-CCF-M * * * * * * * * *
Ep-CCS-M * * * * * * * * *
Ep-CCT-M * * * * * * * * *
Ep-CCCi-D * * * * * * * * *
Ep-HHH-M 0 * * * * * * * *
Ep-HHKo-M 0.0105 0 NS * * * NS NS *
Ep-HHN-M 0.0235 0.0055 0 * * * NS * *
Ep-HHS-M 0.0184 0.0095 0.0158 0 * * NS * *
Ep-HHKu-M 0.0307 0.0139 0.0168 0.0162 0 * NS * *
Ep-HHU-M 0.0324 0.0166 0.0322 0.0225 0.0234 0 NS NS *
Ep-HHC-M 0.0374 0.0081 0.0105 0.0129 0.0146 0.0167 0 NS *
Ep-HHKe-M 0.0265 0.0085 0.0113 0.0126 0.0125 0.0153 0.0083 0 *
Esp-KIW 0.4350 0.4234 0.4387 0.4200 0.4305 0.4135 0.4697 0.3864 0
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Chapter III. 
ECOLOGICAL DIFFERENTIATION OF ELAEOCARPUS 
PHOTINIIFOLIA POPULATIONS IN DRY SCRUBS AND 
MESIC FORESTS ON CHICHIJIMA ISLAND 
 
Introduction 
The characterization of spatial patterns of genetic and phenotypic variation 
across complex landscapes is important for understanding the process of ecological 
speciation (Rundle and Nosil, 2005). Clear ecotypic differentiation can occur when the 
geographic scale of environmental variation is larger than the scale at which frequent 
gene flow occurs. This effect is especially important for geographically widespread 
species because natural selection dominates over homogenization via gene flow 
(Schluter, 2000; Hereford, 2009). Although reproductive isolation has not been 
established under such conditions and genetic exchange remains possible among the 
ecotypes, the mosaic distribution of ecotypes is expected to be maintained. This effect 
means that local adaptation can occur even under the existence of substantial gene flow 
if disruptive selection is sufficiently strong (Rieseberg et al., 2002). Moreover, genetic 
differentiation among different types of habitats will be intensified if assortative 
mating occurs within habitats (Levin, 2006). 
Accordingly, theoretical studies have shown that such parapatric speciation 
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occurs more easily when adaptation creates barriers to successful mating between 
organisms from different habitats (Coyne and Orr, 2004). However, the same situation 
may favor the evolution of phenotypic plasticity (Sultan and Spencer, 2002), and the 
mosaic distribution of phenotypic traits can be maintained even within a single 
interbreeding population (Mitchell-Olds, Willis, and Goldstein, 2007; Schluter and 
Conte, 2009). Thus, the existence of several nearby extreme habitats in combination 
with a substantial extant of gene flow between the habitats may provide unique 
insights into the joint evolution of phenotypic differentiation and reproductive isolation 
(Raesaenen and Hendry, 2008). 
Areas with a heterogeneous distribution of soil environments, or edaphic 
mosaics, are ideal for investigating plant evolution under a steeper gradient or more 
evident mosaic distribution of habitats relative to climate variation (Sambatti and Rice, 
2007; Leinonen et al., 2009). The local adaptation of multiple plant species to 
serpentine soils or to high-temperature soil at geothermal sites has been investigated, 
and genetic differentiation accompanied by increased reproductive isolation between 
populations was documented for different soil conditions (Brady, Kruckeberg, and 
Bradshaw, 2005; Lekberg et al., 2012). Soil moisture is also one of the key factors in 
determining plant distribution. Resistance to drought has been reported to be a critical 
selective influence on the evolution of plant growth and physiology (Wu et al., 2010). 
Further study on ecological differentiation across mosaics of soil moisture may provide 
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a robust system for addressing fundamental questions regarding adaptation and 
speciation in the absence of geographical barriers to gene flow. Such a mosaic 
distribution of soils with varied moisture conditions may also provide a unique 
opportunity for understanding the genetic and physiological mechanisms of plant 
adaptation to drought. 
Here, I focus on Elaeocarpus photiniifolia populations in dry scrub and 
mesic forest areas on Chichijima Island. In Chapter II, two genetically differentiated 
groups of E. photiniifolia associated with dry scrub and mesic forest habitats in the 
Chichijima Island Group were recognized. Then, in this chapter, the flowering 
phenology of these two pairs of populations on Chichijima Island was observed to 
examine the potential barriers against gene flow between the two genetic groups of E. 
photiniifolia. To determine the environmental factors that can cause disruptive 
selection, two environmental conditions for the species, vegetation height and soil 
moisture, in each of the two types of habitats were also measured. Moreover, plant 
materials, in which flowering phenology was observed, were sampled and genotyped 
using 17 nuclear microsatellite markers derived from expressed sequence tags 
(EST-SSRs). Based on my observations and on the results of these experiments, I 
discussed the mechanism by which genetic differentiation associated with the different 
vegetation types can be maintained on Chichijima Island with reference to the 
differences in the flowering phenology and soil moisture of the habitats. 
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Materials and Methods 
Study sites 
For the work presented in this chapter, two study areas were selected within 
the northern and southern area of Chichijima Island having both dry scrub and mesic 
forest according to the previously published vegetation map (Shimizu and Tabata, 
1991). In the northern area, the dry scrub is located in Higashidaira (NH-D, 27.0747ºN, 
142.2231ºE), and the mesic forest is located in Chuosan (NC-M, 27.0741ºN, 
142.2190ºE) (Table III-1, and Fig. III-1). At the southern area, the dry scrub region is 
located in Chihiroiwa (SC-D, 27.0451ºN, 142.2082ºE) and the mesic forest is located 
in Tsuitateyama (ST-M, 27.0507ºN, 142.2119ºE) (Table III-1, and Fig. III-1). The dry 
scrub and the mesic forest within each study area were separated by approximately 400 
m (northern site) or 700 m (southern site), and the distance between the northern and 
southern study areas is approximately 3 km. 
 
Flowering phenology 
Mature trees were chosen to observe the flowering phenology. A total of 27 
individuals in NH-D and 29 individuals in SC-D were examined in the dry scrubs, and 
20 individuals in NC-M and 37 individuals in ST-M were examined in the mesic 
forests on Chichijima Island (Table III-1). All branches of each observed tree were 
checked by megascopic observation and using binoculars. When at least one flower 
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opened, the individuals were recorded as flowering. All of the selected individuals 
were continuously observed at 2-7 day intervals from June 10th to August 6th of 2012. 
In addition, the canopy tree height was measured to determine the vegetation height at 
each location where the individual tree flowering phenologies were observed. 
Differences in the vegetation height among the study populations were assessed using 
the Tukey HSD function in the software R 2.14.2 (R Development Core Team, 2011), 
which employed Tukey’s multiple comparison method. 
 
Measurement of soil moisture 
The volumetric soil water content was measured at the base of 12 to 17 
randomly selected individuals of E. photiniifolia in each habitat of the two study areas 
(Table III-1). The soil moisture at a depth of 5 cm was measured four times from June 
19th to July 22nd of 2012 using a voltage data logger (LR5042, Hioki) with a soil 
moisture sensor (SM300, Delta-T Devices Ltd). The sensor was inserted into the forest 
floor to a depth of approximately 5 cm after the litter layer was removed. Because the 
soil water content can change frequently depending on rainfall, the measurements were 
performed after at least two sunny days. The voltages were determined three times per 
measurement point, and mean values were calculated. Amplitude domain reflectometry 
(ADR) methods (Gaskin and Miller, 1996; Nakashima et al., 1998), which are based on 
the measurement of the dielectric constant of the soil, were used to determine the 
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volumetric soil water content. To calculate the soil moisture content, the measured 
voltage value was used in the following polynomial conversion formula for a 
generalized mineral soil: 𝜃mineral(% vol. ) = −0.071 + 1.77𝑉 − 3.995𝑉2 +6.098𝑉3 − 4.319𝑉4 + 1.157𝑉5 (SM300 User’s Manual). Furthermore, the minimum 
soil moisture content out of four measurements at each point was examined, and the 
minimum soil moisture content was tested for any differences among the habitats of 
the two study areas using Tukey’s multiple comparison method with the Tukey HSD 
function in R 2.14.2. 
 
Assignment tests 
To examine the effects of habitat differences between the dry scrub and 
mesic forest areas, assignment tests were performed on genetically differentiated E. 
photiniifolia. First, leaf samples were collected from the individuals, flowering 
phenologies of which were observed at each habitat of the two study areas on 
Chichijima Island. Genomic DNA was extracted from the plant samples using a 
modified cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle, 1987). 
Seventeen EST-SSR markers, Ep_220, Ep_333, Ep_405, Ep_480, Ep_839, Ep_853, 
Ep_1303, Ep_1555, Ep_2074, Ep_2130, Ep_2323, Ep_3242, Ep_3433, Ep_3560, 
Ep_4597, Ep_4639, and Ep_4887, which were developed in Chapter I, were used 
(Sugai et al., 2012). DNA fragments were amplified by multiplex PCR with 
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fluorescently tagged forward primers (6-FAM, VIC, NED, or PET; Applied 
Biosystems, Foster City, California, USA) following the standard protocol of the 
QIAGEN Mutiplex PCR Kit (QIAGEN, Hilden, Germany). Electrophoregrams of the 
PCR products were obtained using an automated DNA sequencer (ABI PRISM 3100 
Genetic Analyzer; Applied Biosystems). The lengths of the PCR products were 
determined by comparison with GeneScan 500 LIZ Size Standard using GeneScan 
analysis software (both supplied by Applied Biosystems), and genotypes were scored 
using Genotyper software (Applied Biosystems). 
As a reference for the assignment test, genotyped data were used from the 
individuals for which the Q value was in the upper 0.95 in the Bayesian clustering 
analysis using STRUCTURE (Pritchard, Stephens, and Donnelly, 2000), for the 
samples of the Chichijima Island Group reported in Chapter II (Fig. II-5c). Those 
samples that were clustered with the subpopulation of the dry scrub, were obtained 
from 44 individuals, and the samples that were clustered with subpopulation of the 
mesic forest were obtained from 65 individuals. Based on these reference data, 
individuals were assigned to one of the two subpopulations, dry or mesic one, using the 
software of GeneClass2 (Piry et al., 2004). The frequency-based estimation procedure 
developed by Paetkau et al. (1995) was used to assign genotypes. The result of an 
assignment test for each individual indicated the most likely subpopulation and their 
relative scores. In the reference file for dry and mesic subpopulations, the score of an 
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individual i in a subpopulation l was computed as follows: 𝑆𝑐𝑜𝑟𝑒𝑖,𝑙 = 𝐿𝑖,𝑙 ∑ 𝐿𝑖,𝑗2𝑗=1⁄  , 
there Li,l is the likelihood value of individual i in one subpopulation l. The individuals 
having an estimated score of greater than 80% were classified into each subpopulation. 
Those individuals that were not assigned to one of the subpopulations were recognized 
as possible hybrids between dry and mesic subpopulations. 
 
Statistical analyses 
The relationship between genetic differentiation and phenotypic traits was 
tested using a generalized linear model (GLM). In this model, genetic differentiation 
was the response variable, whereas flowering phenology and environmental conditions 
(habitat type, vegetation height, and minimum soil moisture content) were used as 
explanatory variables. This analysis used 48 individuals for which the soil moisture 
content was measured and the score used for classification into one of the two 
subpopulations was greater than 0.80 in the assignment test using GeneClass2. The dry 
and mesic types based on the assignment test were used as the genetic differentiation, 
and the flowering phenology was represented by the first day when at least one flower 
opened. The GLM was configured using a binominal distribution and a log link 
function. For the analysis, the best-fitting variables were selected based on Akaike’s 
information criterion (AIC); alternatively the model with a lower AIC was treated as a 
better model to explain the variations than a model with a higher AIC (Akaike, 1973; 
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Johnson and Omland, 2004). Statistical analyses were performed using the software R 
2.14.2. In addition, the relationships between the response variable and each 
explanatory variable were examined. 
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Results 
Flowering phenology 
The frequencies of flowering individuals of E. photiniifolia growing in dry 
scrub and mesic forest areas are shown in Fig. III-2. The flowering phenology of the 
two habitat types showed a strong temporal difference. The populations growing in dry 
scrub areas flowered earlier than did the populations in mesic forest areas. The 
flowering peaks of the species in the two habitats were separated by approximately 
three weeks, and overlap between them was limited. 
 
Vegetation height 
The mean value and standard deviation of vegetation height of individuals 
growing in the dry scrub areas were 5.09±2.16 m in NH-D and 4.55±1.53 m in SC-D, 
and those in the mesic forest areas were 9.25±3.21 m in NC-M and 11.05±2.98 m in 
ST-M (Table III-2). The vegetation height in the mesic forest was significantly higher 
than in the dry scrub (P < 0.001; Fig. III-3). The vegetation height in the same habitat 
types of two study sites was not significantly different (P = 0.819 in dry scrubs and P = 
0.052 in mesic forests; Fig. III-3). 
 
Soil moisture content 
The temporal changes in the volumetric soil moisture content for each 
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habitat of the two study sites are shown in Table III-2 and Fig. III-4. At all observed 
points, the soil moisture content drastically decreased in summer immediately after the 
rainy season (Fig. III-4). In each study area, the minimum soil moisture content was 
significantly different between the dry scrub and the mesic forest (P < 0.05; Fig. III-5). 
 
Assignment test 
The results of the assignment test for individuals whose flowering 
phenologies were observed are shown in Fig. III-6. The majority of individuals were 
assigned to the subpopulation in which they were sampled (scores ranging from 72.4% 
in SC-D to 100% in ST-M). In contrast, no or a few individuals were assigned to the 
other subpopulation in which they were not sampled (ranging from 0.0% in ST-M to 
20.0% in NC-M). The number of possible hybrids between dry and mesic 
subpopulations ranged from zero (ST-M) to six (SC-D) individuals in each population. 
 
The relationships between genetic differentiation and phenotypic 
traits 
The individuals classified as belonging to the dry subpopulation tended to 
flower prior to the flowering of the individuals classified as the mesic subpopulation 
(Fig. III-7). All individuals classified as the dry subpopulation were distributed in dry 
scrubs, with the exception of one individual, and all individuals classified as the mesic 
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subpopulation were distributed in mesic forests, with the exception of one individual 
(Fig. III-8). The vegetation height of the dry subpopulation was lower than that of the 
mesic subpopulation (Fig. III-9). The minimum soil moisture content of the dry 
subpopulation tended to be lower than that of the mesic subpopulation (Fig. III-10). 
The AIC value of the GLM that included only the flowering phenology for the basic 
model was 62.233, whereas the GLM that included the flowering phenology and 
vegetation height (AIC = 6), for the best-fitting model, was the lowest among all 
models. The models that included the flowering phenology and soil moisture content 
(AIC = 8) or that included the flowering phenology and habitat type (AIC = 8.7726) 
had higher AIC values than the models that included flowering phenology and 
vegetation height described above. 
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Discussion 
Pre-mating reproductive isolation between two genetically 
differentiated groups of E. photiniifolia on Chichijima Island 
Genetic differentiation associated with different habitat types in the 
Chichijima Island Group described in Chapter II suggests a restricted gene flow 
between populations in both habitat types. In this chapter, I examined reproductive 
isolation mechanisms that can potentially contribute to forming and/or maintaining 
genetic differentiation in E. photiniifolia on Chichijima Island. Barriers to gene flow 
include pre-mating and post-mating reproductive isolation. One form of pre-mating 
isolation, a difference in flowering phenology, is considered as an important 
mechanism for the restriction of gene flow. The peak flowering of the species in each 
habitat on Chichijima Island was separated by approximately three weeks and has 
limited overlap (Fig. III-2). 
Flowering phenology data indicate that the populations are reproductively 
isolated, as the individuals in the dry scrub areas flower prior to the flowering of 
individuals in the mesic forest areas. The feasibility of sympatric or parapatric 
speciation via differences in flowering phenology has received theoretical support 
(Crosby, 1970; Gavrilets and Vose, 2007). In Machilus boninensis, which is endemic to 
the Bonin Islands, two genetically distinct groups growing in dry and mesic habitats 
exhibit different flowering phenologies (Tsuneki, Kato, and Murakami, 2012). Because 
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there was no reproductive isolation after fertilization, which was shown in artificial 
experiments between the two groups of M. boninensis, differences in flowering 
phenology may maintain the genetic differentiation between the two groups (Tsuneki, 
Kato, and Murakami, 2012). Hence, in E. photiniifolia, it also appeared that the 
differences in the flowering phenology between habitat types may contribute to the 
genetic differentiation associated with habitat types in a similar manner as for M. 
boninensis. 
 
Contribution of differences in habitat conditions to the maintenance 
of genetically differentiated groups of E. photiniifolia on Chichijima 
Island 
Differences in habitat conditions may act as a barrier to gene flow. Reduced 
fitness of the hybrids due to mismatches of the intermediate or segregated phenotype 
of the hybrids to the environmental conditions where the hybrids are growing may be 
an effective mechanism of post-mating reproductive isolation (Coyne and Orr, 2004; 
Rundle and Nosil, 2005). Thus, difference in habitat conditions could cause divergent 
natural selection. Moreover, environmental variation could reduce the fitness of hybrid 
individuals and prevent them from surviving long enough to produce offspring. 
My data showed that environmental conditions regarding the vegetation 
height and soil moisture content were different between the dry scrub and mesic forest 
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habitat types where genetically differentiated groups of E. photiniifolia were found 
(Figs. III-3 and III-5). Moreover, in addition to the differences in flowering phenology, 
differences in environmental conditions, and variation in the vegetation height in 
particular, could explain the genetic differentiation between the two groups observed in 
the GLM. Therefore, differences in environmental conditions might function as an 
important mechanism of isolation between the two genetically differentiated groups. 
However, it is necessary to consider other environmental factors that affect the genetic 
differentiation, including factors that were not measured in this study. When Shimizu 
(1992) defined the vegetation types in the Bonin Islands, he named them as dry or 
mesic forests, although he did not quantify the moistness of their habitats. In this 
current study, I measured the soil moisture content at a depth of 5 cm in the forest floor 
near the roots of each individual. These values showed a large variation, even within 
each point, and thus, the mean soil moisture values can not accurately represent the 
hydrological environment experienced by each individual plant. To reveal the 
hydrological environment of each site, water holding capacity of the soils should be 
measured. 
The presence of hybrids between the two genetically differentiated groups of 
E. photiniifolia was revealed in the assignment test result. Therefore, postzygotic 
reproductive isolation between the two groups appeared to be incomplete. Accordingly, 
the fitness of the hybrids in each of the two different habitats should be examined in 
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the future. 
In this chapter, differences in the flowering phenology and habitat conditions 
were found among the two genetically differentiated groups of E. photiniifolia. Habitat 
variation may cause variation in the flowering phenology. Thus, habitat variation may 
reduce encounters and mating opportunities between individuals growing in different 
environmental conditions. To reveal the contribution of habitat variation to disruptive 
selection, it is also necessary to examine the relevance of pre-mating isolation 
mechanisms and habitat conditions. 
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Table III-1. Information for the Elaeocarpus photiniifolia study sites on Chichijima Island; the total number of individuals for 
which the flowering phenology was observed (Nflower), and the total number of individuals for which the soil moisture content was 
determined (Nsoil). 
 
Population ID Location Island Latitude (°N) Longitude (°E) Elevation (m) N flower N soil
NH-D Higashidaira Chichijima 27.0747 142.2231 240 37 17
NC-M Chuosan Chichijima 27.0741 142.2190 300 20 12
SC-D Chihiroiwa Chichijima 27.0451 142.2082 250 29 15
ST-M Tsuitateyama Chichijima 27.0507 142.2119 240 37 14
  
 
70 
Table III-2. Summary of measured environmental conditions, vegetation height and soil moisture content, for each habitat of the 
two study areas. For the localities of the populations, see Table III-1 and Fig. III-1. The dates when the soil moisture contents were 
measured are shown in parentheses. 
 
NH-D 5.09 ± 2.16 36.30 ± 9.22 (6/22) 34.10 ± 10.87 (7/3) 25.37 ± 7.89 (7/10) 21.32 ± 4.09 (7/22) 20.67 ± 4.90
NC-M 9.25 ± 3.21 42.71 ± 5.57 (6/22) 45.83 ±   7.39 (7/3) 36.81 ± 6.55 (7/10) 31.18 ± 6.94 (7/22) 29.73 ± 5.10
SC-D 4.55 ± 1.53 43.98 ± 7.03 (6/19) 37.97 ±   7.02 (7/1) 27.03 ± 5.88 (7/9) 19.80 ± 4.70 (7/21) 19.80 ± 4.70
ST-M 11.05 ± 2.98 43.51 ± 8.76 (6/19) 43.89 ±   8.27 (7/1) 30.53 ± 5.22 (7/9) 24.67 ± 4.42 (7/21) 24.67 ± 4.42
minimum value
[Mean ± SD]
vegetation height (m)
[Mean ± SD]Population ID
soil moisture content (% vol.)
1st timepoint
[Mean ± SD]
2nd timepoint
[Mean ± SD]
3rd timepoint
[Mean ± SD]
4th timepoint
[Mean ± SD]
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Fig. III-1. Location of the Elaeocarpus photiniifolia study sites on Chichijima 
Island. The population IDs are given in Table III-1. ○, populations growing in dry 
scrub; ●, populations growing in mesic forest. 
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Fig. III-2. Flowering phenology observed at each Elaeocarpus photiniifolia site 
on Chichijima Island. The phenologies observed in the northern and southern areas are 
shown as black and grey dashed lines, respectively. The phenologies in the dry scrub 
and mesic forest habitat types are shown with open and closed marks, respectively. The 
population IDs are given in Table III-1. 
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Fig. III-3. Box plots of the vegetation height in each habitat of the study areas 
on Chichijima Island. The population IDs are given in Table III-1. The number of 
samples measured in each population (N) is shown in parentheses. Sigfinicant 
differences based on Tukey’s multiple comparison method are indicated by different 
letters. 
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Fig. III-4. Volumetric soil moisture content at each habitat of the two study 
areas on Chichijima Island. The moisture content observed in the northern and 
southern areas is shown as black and grey dashed line, respectively. The moisture 
content in the dry scrub and mesic forest habitat types is shown with open and closed 
marks, respectively. The population IDs are given in Table III-1. 
 75 
 
Fig. III-5. Box plots of the minimum soil moisture content of each habitat of the 
two study areas on Chichijima Island. The population IDs are given in Table III-1. The 
number of samples measured in each population (N) is shown in parentheses. 
Sigfinicant differences based on Tukey’s multiple comparison method are indicated by 
different letters. 
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Fig. III-6. Results of the assignment test of the individuals whose flowering 
phenology were observed. Vertical columns represent individual plants, and the heights 
of the bars of each color indicate that scores that were assigned to the dry and mesic 
subpopulations. For the localities of the populations, see Table III-1 and Fig. III-1. The 
number of samples measured in each population (N) is shown in parentheses. 
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Fig. III-7. Box plots of the first day when at least one flower opened for each 
genetic type (dry or mesic type) classified as each subpopulation. The first flowering 
day was June 15th. The number of samples observed in each subpopulation (N) is 
shown in parentheses. 
 78 
 
Fig. III-8. The ratio of the vegetation types (dry scrub and mesic forest) where 
individuals that were classified as each belonging to a subpopulation (dry or mesic 
type) were sampled. The number of samples observed in each subpopulation (N) is 
shown in parentheses. 
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Fig. III-9. Box plots of the vegetation height of each genetic type (dry or mesic 
type) that was classified as belonging to each subpopulation. The number of samples 
measured in each subpopulation (N) is shown in parentheses. 
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Fig. III-10. Box plots of the minimum soil moisture content of each genetic type 
(dry or mesic type) that was classified as belonging to each subpopulation. The number 
of samples measured in each subpopulation (N) is shown in parentheses. 
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Chapter IV. 
IMPLICATIONS FOR THE RESTORATION GENETICS 
OF ELAEOCARPUS PHOTINIIFOLIA IN THE BONIN 
ISLANDS 
 
Introduction 
Island ecosystems are vulnerable to invasion by alien species, and the 
introduction of these species to islands has caused enormous problems worldwide 
(Loope, Hamann, and Stone, 1988). Invasions by alien woody species have seriously 
affected many natural forest ecosystems (Richardson, 1998; Richardson et al., 2000). 
Among the alien tree species that have colonized the Bonin Islands, Bischofia javanica 
Blume is one of the most problematic and invasive, exhibiting aggressive growth and 
competitively replacing the native tree species among the natural forest of the islands. 
The forest areas where B. javanica has been colonized include 50.9 ha on Chichijima 
Island (2.1% of the island) and 296.5 ha on Hahajima Island (14.7% of the island) 
(Tanaka et al., 2010). Moreover, analyses of the spatial relationships between B. 
javanica colonization and mapped vegetation types have revealed that a high 
proportion of invaded areas are included in the Elaeocarpus-Ardisia mesic forest 
(Tanaka et al., 2010). Additionally, the population growth of native trees, including that 
of Elaeocarpus photiniifolia, is inferior to that of B. javanica (Yamashita et al., 2003). 
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Moreover, the majority of E. photiniifolia seeds are foraged by the introduced black rat, 
Rattus rattus, and the seedling density and survival rate in E. photiniifolia are 
substantially lower than those of B. javanica (Yamashita et al., 2003). 
However, the replacement of native forests with stands of B. javanica 
destroys the habitat for native fauna. As I mentioned in the General Introduction of this 
thesis, the endangered subspecies of Japanese wood-pigeon, Columba janthina nitens 
feeds mainly on the seeds of native canopy tree species, including E. photiniifolia 
(Gibbs, Barnes, and Cox, 2001; Tanaka et al., 2010). To maintain the population of C. 
janthina nitens, E. photiniifolia propagations, including restoration plantings of the 
species, are being conducted in the Bonin Islands. The Kanto Regional Forest Office, 
part of the Forestry Agency of the Japanese Government, initiated a B. javanica 
eradication project in National Forest areas on Hahajima Island in 2002. To transform 
B. javanica-dominated or mixed forests into native forests, the project targeted areas 
with high invader densities. After girdling and felling the B. javanica canopy trees, 
native tree species were recovered by natural regeneration and by planting. At this 
point, E. photiniifolia was selected as one of the planted species (Tanaka, 2003, 2004). 
To minimize the risk of disrupting the genetic structure resulting from the 
restoration plantings, predicting and understanding the processes underlying local 
adaptation is a major challenge in restoration genetics. Hence, it is necessary to 
elucidate the genetic structure of the natural plant species as early as possible. This 
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information is also useful for determining how past plantings have affected the genetic 
structure within the natural populations. Knowledge of the genetic structure is also 
indispensable for making appropriate plans for further restorations. 
Hybridization between local and foreign genotypes within species has been 
considered to be a serious problem in the conservation of biodiversity (Japanese 
Society of Revegetation Technology, 2002). Artificially introduced individuals that 
have foreign genotypes can often hybridize with the native individuals, which have 
local genotypes, thereby changing the genetic composition of the natural populations 
(Japanese Society of Revegetation Technology, 2002; McKay et al., 2005). This 
process is known as genetic disturbance. Genetic disturbance can have two major 
negative effects. First, through repeated hybridization with foreign genotypes, the local 
genotypes may lose their genetic uniqueness, which had developed over a long 
evolutionary history. Second, the produced hybrids may have reduced fitness through 
outbreeding depression, especially when the local populations had developed adaptive 
traits to their own local environmental conditions (Montalvo and Ellstrand, 2000; 
Hufford and Mazer, 2003; Goto et al., 2011). 
In the previous chapters, I investigated naturally growing E. photiniifolia. In 
Chapter II, I investigated genetic structure in the species using 24 loci of EST-SSRs 
and 639 individuals from 19 populations as the materials. Moreover, in Chapter III, I 
observed flowering phenology and edaphic environments of 123 individuals growing 
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in two pairs within the two different habitats, dry scrub and mesic forest. Then, in this 
chapter, I investigated three restoration-planted populations on Hahajima Island. 
Additionally, based on the results of genetic analyses of E. photiniifolia in both natural 
and planted populations, I discussed implications for the conservation of the species. 
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Materials and methods 
Plant materials 
In this chapter, three restored sites on Hahajima Island, namely, one site in 
Sakaigatake (Pl-HHX, 26.6697ºN, 142.1551ºE) and two sites in Kuwanokiyama 
(Pl-HHY, 26.6627ºN, 142.1519ºE and Pl-HHZ, 26.6621ºN, 142.1515ºE), were selected 
as locations where plantings had been conducted in the past (Table IV-1, Fig. IV-1). 
Leaf samples were collected from 110 planted individuals of E. photiniifolia. 
Simultaneously, the tree heights were measured and it was recorded whether each 
individual had matured or not. 
 
Molecular analyses 
Total genomic DNA from plant tissue was extracted using a modified 
cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle, 1987). 
Seventeen EST-SSR markers were used: Ep_220, Ep_333, Ep_405, Ep_480, Ep_839, 
Ep_853, Ep_1303, Ep_1555, Ep_2074, Ep_2130, Ep_2323, Ep_3242, Ep_3433, 
Ep_3560, Ep_4597, Ep_4639, and Ep_4887, all of which had been developed in 
Chapter I (Sugai et al., 2012). DNA fragments were amplified using multiplex PCR 
with fluorescently tagged forward primers (6-FAM, VIC, NED, or PET; Applied 
Biosystems, Foster City, California, USA) following the standard protocol for 
QIAGEN Mutiplex PCR Kit (QIAGEN, Hilden, Germany). Electrophoregrams of the 
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PCR products were obtained using an automated DNA sequencer (ABI PRISM 3100 
Genetic Analyzer; Applied Biosystems). The lengths of the PCR products were 
determined by comparison with GeneScan 500 LIZ Size Standard using GeneScan 
analysis software (both supplied by Applied Biosystems), and the genotypes were 
scored using Genotyper software (Applied Biosystems). 
 
Data analysis 
First, to elucidate the genetic characteristics of each planted population, the 
following descriptive parameters were calculated based on the multilocus genotypes at 
the selected loci with the genotypic data of natural E. photiniifolia populations on 
Hahajima Island in Chapter II using GenAlEx 6.4.1 (Peakall and Smouse, 2006) and 
FSTAT 2.9.3.2 (Goudet, 2002): the mean number of alleles per locus (NA), the allelic 
richness (RA), the observed heterozygosity (HO), the expected heterozygosity (HE), and 
Weir and Cockerham’s (1984) estimate of Wright’s coefficient (FIS). The deviation of 
FIS from zero was tested for each population using an exact test in FSTAT 2.9.3.2. The 
total number of rare alleles identified with less than 5% frequencies in the natural 
populations on Hahajima Island (NRA) was determined. Differences in the genetic 
parameters (RA, HE ,and NRA) were examined between the natural and the planted 
populations, employing two sample t-test using R 2.14.2 (R Development Core Team, 
2011). 
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To examine the possible genetic differentiation between populations based 
on the genotype data of the natural E. photiniifolia populations on Hahajima Island in 
Chapter II, Weir and Cockerham’s (1984) estimate of pairwise FST was calculated 
using FSTAT 2.9.3.2. The deviation of each pairwise FST from zero was tested based 
on 1,000 randomizations. The genetic relationships among populations, including the 
natural E. photiniifolia populations in the Chichijima and Hahajima Island Groups in 
Chapter II, were evaluated using principal coordinate analysis (PCoA) based on the 
Nei’s genetic identity (Nei, 1987) using GenAlEx 6.4.1 and the program PCO 2.0 
(Iwata, 2005). 
To estimate the populations from which each of the planted individuals 
originated, assignment tests were performed using GeneClass2 (Piry et al., 2004). As 
reference data, 70 individuals of the subpopulation in dry scrub of the Chichijima 
Island Group, 33 individuals of the subpopulation in mesic forest of the Chichijima 
Island Group, and 132 individuals of the subpopulation on Hahajima Island were used, 
of which the Q values were above 0.97 in the Bayesian clustering analysis using 
STRUCTURE (Pritchard, Stephens, and Donnelly, 2000), at K = 3 of the samples of E. 
photiniifolia in Chapter II (Fig. IV-2). To assign the genotypes, the frequencies-based 
estimation procedure developed by Paetkau et al. (1995) and the Monte Carlo 
simulation algorithm developed by Paetkau et al. (2004) were used. 
Second, to develop restoration plans that consider the impact of genetic 
 88 
disturbance, the validity of the genetically regional classification was examined using 
the genotype dataset of the natural populations of E. photiniifolia in Chapter II. The 
partitioning of genetic variance within and among the populations and subpopulations 
was estimated by performing hierarchical analysis of molecular variance (AMOVA) 
(Excoffier, Smouse, and Quattro, 1992) using ARLEQUIN 3.5.1.2 (Excoffier and 
Lischer, 2010). Genetic diversity was partitioned into three levels: between regions, 
among populations within regions, and within populations. The AMOVA analyses were 
performed in the following four ways (Table IV-3): (1) two regional groups were 
divided by each island group (populations in the Chichijima and Hahajima Island 
Groups); (2) four regional groups were divided by each island (populations on 
Ototojima, Anijima, Chichijima, and Hahajima Islands); (3) three groups were divided 
based on the island groups and vegetation types (populations of dry scrubs and mesic 
forests in the Chichijima Island Group and populations of mesic forests on Hahajima 
Island); and (4) five groups were divided by islands and vegetation type (population of 
mesic forest on Ototojima Island, population of dry scrub on Anijima Island, 
populations of dry scrubs and mesic forests on Chichijima Island, and populations of 
mesic forests on Hahajima Island). The significance of the components of the variance 
was tested by calculating their probabilities based on 10,100 permutations. 
 89 
Results 
Population genetic parameters for the planted populations compared 
with the natural populations on Hahajima Island 
The calculated parameters describing the genetic diversity within 
populations are listed in Table IV-2. The allelic richness of the planted populations 
(2.94 ≤ RA ≤ 3.73) was lower than that of the natural populations (3.60 ≤ RA ≤ 4.22) (P 
< 0.05). The expected heterozygosity of the planted populations (0.391 ≤ HE ≤ 0.404) 
was also lower than that of the natural populations (0.398 ≤ HE ≤ 0.459) (P < 0.05). 
The estimates of the inbreeding coefficient were not significantly deviated from zero in 
any of the planted populations. The natural populations harbored from 17 to 35 rare 
alleles, and the planted populations harbored from 5 to 23 rare alleles. The number of 
rare alleles between the natural and the planted populations was not significantly 
different (P = 0.154). 
 
Genetic differentiation among the natural and the planted populations 
The pairwise FST estimates were 0.025 ≤ FST ≤ 0.070 within the planted 
populations on Hahajima Island and 0.010 ≤ FST ≤ 0.070 between the natural and the 
planted populations on Hahajima Island (Appendix IV-1). Significantly positive values 
of pairwise FST were observed in all of the population pairs with the exception of one 
pair between the natural and the planted populations on Hahajima Island (Appendix 
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IV-1). The first two principal coordinate of the PCoA for the 19 natural and three 
planted populations explained 44.7% and 13.1% of the total genetic variation (Fig. 
IV-3a). The first axis separated the three natural population groups that were obtained 
in Chapter II. The three planted populations on Hahajima Island were clustered with 
the natural populations on Hahajima Island. In the PCoA for the eight natural and the 
three planted populations on Hahajima Island, the first two principal coordinate 
explained 28.21% and 20.04% of the total genetic variation (Fig. IV-3b). The 
population groups of the natural and the planted individuals did not form different 
clusters; however, one planted population (Pl-HHZ) was separated from the natural 
populations and the other planted populations in the first axis. 
 
Derivation of the planted individuals on Hahajima Island 
Eight individuals of the 110 planted populations on Hahajima Island were 
not assigned with less than 5% probability to any subpopulation. All of the remaining 
planted individuals, with the exception of three individuals, were highly assigned to the 
subpopulation on Hahajima Island. Three individuals in Pl-HHX were assigned to the 
Chichijima dry subpopulation, with a 19.4-96.8% probability. 
 
Hierarchical genetic structure of the natural populations of E. 
photiniifolia 
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Based on the genetic divergence between the localities or habitat types, the 
hierarchical genetic structure of the natural populations according to AMOVA was 
investigated. The AMOVA revealed that major portions (92.7-93.3%) of the total 
genetic variation resulted from differences between the individuals within populations 
(Table IV-4). Meanwhile, the genetic divergence was highly significant in the 
following comparisons: between the two island groups (ΦCT = 0.047, P = 0.000), 
which contributed 63.7% of the overall genetic differentiation among the populations 
(ΦST = 0.073); between the four islands (ΦCT = 0.044, P = 0.000), which contributed 
64.3% of the overall genetic differentiation among the populations (ΦST = 0.069); 
between the three groups based on island groups and vegetation types (ΦCT = 0.053, P 
= 0.000), which contributed 77.0% of the overall genetic differentiation among the 
populations (ΦST = 0.069); and between the five groups based on islands and 
vegetation types (ΦCT = 0.053, P = 0.000), which contributed 79.4% of the overall 
genetic differentiation among the populations (ΦST = 0.067) (Table IV-4). 
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Discussion 
Planted population on Hahajima Island 
On Hahajima Island, the E. photiniifolia restoration project has continued for 
11 years. For the three planted populations that were investigated in this study, the tree 
height differed among the three populations (Table IV-1); therefore, it was considered 
that the timing of the planting period might have differed for each site. However, 
among the planted individuals, mature individuals with flowers were not observed at 
any of the three populations (Table IV-1), indicating that none of the individuals had 
entered the reproductive stage. The number of rare alleles was not significantly 
different between the natural and the planted populations. In terms of the allelic 
richness and expected heterozygosity, the level of genetic diversity in the planted 
population was significantly lower than that of the natural populations. In addition, the 
pairwise FST values were not significantly positive in 32.1% of the population pairs 
within the natural populations on Hahajima Island, whereas significantly positive 
values of pairwise FST were detected in almost all of the pairs between the natural and 
the planted populations (23 of the 24 pairs) (Appendix II-1 and IV-1). In the results of 
the PCoA for all of the populations of E. photiniifolia, those from the planted 
populations were clustered together with the natural populations on Hahajima Island 
(Fig. IV-3a). However, in the results of the PCoA for only the E. photiniifolia 
populations on Hahajima Island, population Pl-HHZ was clearly separated from the 
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other natural populations (Fig. IV-3b). Moreover, three individuals in the Pl-HHX 
population were not assigned to the Hahajima subpopulation. However, this result may 
arise because some of the natural individuals on Hahajima Island, especially those in 
the Ep-HHS-M population, had genetic constituents that were similar to those growing 
in the dry scrubs in the Chichijima Island Group (Fig. IV-2). These genetic similarities 
were already described in Chapter II (Fig. II-5b). The planted population Pl-HHX, 
which had a specialized genetic composition, is located near the Ep-HHS-M natural 
population. (Fig. IV-1). Therefore, the seeds of the planted population might have 
originated from the Ep-HHS-M population. Furthermore, some individuals of Pl-HHX 
appeared to be assigned to the Chichijima dry subpopulation. Currently, it remains 
unknown whether the genetically distinct individuals that originated from distant 
localities in the Bonin Islands has been planted or not. However, the past planting was 
not a perfect restoration of the natural population, judging from the reduced genetic 
diversity and the significant genetic differentiation between the planted population and 
the natural ones. 
 
Implication for restoration genetics of E. photiniifolia 
Elaeocarpus photiniifolia is one of the candidate species for restoration 
planting projects in the Bonin Islands. To minimize the genetic disturbance resulting 
from restoration plantings on the natural populations, it is necessary to elucidate the 
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genetic structure within the planted species. Based on the results of my genetic 
analyses, three genetically differentiated groups were identified in E. photiniifolia. 
Moreover, the genetic divergence between the five regions based on the islands and 
habitat types was highly significant and contributed to the majority (79.4%) of the 
overall genetic differentiation among the populations, as revealed by the results of the 
AMOVA (Table IV-4). These results indicated that we should collect seeds for planting 
from the natural populations growing in the similar environments to use at the planting 
sites within the same island. 
 
Limitations of this study and future subject 
Transplanting plants that are genetically similar to the local genotypes and 
therefore are adapted to the local environment can be critical for the success of 
restoration and for the long-term viability of the restored populations (Montalvo and 
Ellstrand, 2000; Hufford and Mazer, 2003). Currently, seed sourcing guidelines 
advocate the use of local provenance plants to minimize the risk of disrupting the 
locally adapted genotypes (McKay et al., 2005; O'Brien, Mazanec, and Krauss, 2007; 
Broadhurst et al., 2008). These guidelines are based on the assumption that plant 
species show adaptive differentiation depending on the geographic distance. However, 
even when two populations are geographically very close, clear genetic differentiation 
associated with the distinct habitat types is sometimes observed. As I mentioned in the 
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discussion of Chapter II, genetic differentiation associated with dry scrubs and mesic 
forests in E. photiniifolia was observed. In this case, differentiation in the 
morphological and physiological traits involved in adaptation to various environmental 
conditions might be promoted between the genetically differentiated groups. Moreover, 
there was no relation between the geographic distance and the genetic differentiation in 
E. photiniifolia, at least within Chichijima Island. Additionally, in other studies that 
examined local adaptation, genetic differentiation by distance was not always observed 
(Montalvo and Ellstrand, 2000; Raabova, Muenzbergova, and Fischer, 2007). 
Therefore, the spatial scale may have a limited value as a predictor of the local 
adaptation and for the delineation of an appropriate seed sourcing zone. The 
environmental distance, a measure of the ecological differences among populations, 
may offer a better predictor of the local adaptation, rather than geographic distance 
(Montalvo and Ellstrand, 2001). 
However, in the case of the restoration planting project in the Bonin Islands, 
one of the difficulties encountered when selecting appropriate seed sources was in 
assessing the vegetation types because there are more types of vegetation than simply 
dry scrubs and mesic forests. These vegetation types are distributed in mosaic patterns 
across the entire Bonin Islands (Shimizu, 1992). Moreover, various types of 
environmental components, such as the vegetation composition (Raabova, 
Muenzbergova, and Fischer, 2007; Lawrence and Kaye, 2011), soils (Snaydon and 
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Davies, 1982; Sambatti and Rice, 2006; Lekberg et al., 2012), and climate (Santamaria 
et al., 2003; Macel et al., 2007), may contribute to the adaptive differentiation. An ideal 
restoration plan should indicate an evaluation of the adaptive differentiation associated 
with various types of environmental components. 
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Table IV-1. Study site information for the planted Elaeocarpus photiniifolia on Hahajima Island; total number of samples (N), 
and the number of mature individulas (Nmature). 
 
Population ID Location Island Latitude (°N) Longitude (°E) Elevation (m) N Averagetree height (m) N mature
Pl-HHX Sakaigatake Hahajima 26.6697 142.1551 400 56 1.4 0
Pl-HHY Kuwanokiyama Hahajima 26.6627 142.1519 280 30 0.7 0
Pl-HHZ Kuwanokiyama Hahajima 26.6621 142.1515 250 24 3.9 0
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Table IV-2. Genetic diversity parameters estimated at 17 EST-SSR markers in the 
natural and planted populations on Hahajima Island; total number of analyzed samples 
(N), mean number of alleles per locus (NA), allelic richness (RA), observed 
heterozygosity (HO), expected heterozygosity (HE), inbreeding coefficient (FIS), results 
of HWE exact tests, and total number of rare alleles (NRA). For the localities of each 
population, see Tables II-1 and IV-1 and Fig. IV-1. 
 
N N A R A H O H E F IS HWE N RA
Natural
Ep-HHH-W 34 3.76 3.62 0.443 0.437 0.001 18
Ep-HHKo-W 33 4.12 3.90 0.448 0.452 0.025 22
Ep-HHN-W 39 4.00 3.80 0.459 0.432 -0.049 19
Ep-HHS-W 40 4.41 3.97 0.418 0.430 0.042 26
Ep-HHKu-W 47 3.88 3.60 0.414 0.415 0.012 17
Ep-HHU-W 31 4.00 3.86 0.488 0.459 -0.047 19
Ep-HHC-W 26 3.88 3.84 0.373 0.398 0.082 17
Ep-HHKe-W 52 4.94 4.22 0.430 0.445 0.045 35
total 302
mean 37.8 4.13 3.85 0.434 0.433 0.014 21.6
Planted
Pl-HHX 56 4.41 3.73 0.430 0.403 -0.057 23
Pl-HHY 30 3.65 3.53 0.390 0.404 0.050 15
Pl-HHZ 24 2.94 2.94 0.409 0.391 -0.025 5
total 110
mean 36.7 3.67 3.40 0.410 0.399 -0.011 14.3
Population ID
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Table IV-3. Category of analysis of molecular variance (AMOVA) for the natural E. photiniifolia. In each case, the same groups 
were indicated by the same number. 
 
Island group Island
Island group
+
Vegetation type
Island
+
Vegetation type
Chichijima Island Group Ototojima mesic forest 1 1 1 1
Anijima dry scrub 1 2 2 2
Chichijima dry scrub 1 3 2 3
mesic forest 1 3 1 4
Hahajima Island Group Hahajima mesic forest 2 4 3 5
Island group Island Habitat type
Category
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Table IV-4. Results of analysis of molecular variance (AMOVA) for the natural E. photiniifolia, among populations, island 
groups, islands, and vegetation types. 
 
Note: d.f., degrees of freedom; SS, sum of squares. 
Category
Number
of
groups
Source of variation d.f. SS Variancecomponents
Percentage
of variance
(%)
Φ statistics P -value
Among regions 1 139.66 0.201 4.65 Φ CT = 0.047 0.000
Among populations 17 196.66 0.114 2.65 Φ SC = 0.028 0.000
Within populations 620 5014.35 3.997 92.70 Φ ST = 0.073 0.000
Among regions 3 168.76 0.189 4.41 Φ CT = 0.044 0.000
Among populations 15 167.56 0.105 2.45 Φ SC = 0.026 0.000
Within populations 620 5014.35 3.997 93.14 Φ ST = 0.069 0.000
Among regions 2 200.14 0.227 5.29 Φ CT = 0.053 0.000
Among populations 16 136.18 0.068 1.58 Φ SC = 0.017 0.000
Within populations 620 5014.35 3.997 93.13 Φ ST = 0.069 0.000
Among regions 4 223.94 0.227 5.30 Φ CT = 0.053 0.000
Among populations 14 112.38 0.059 1.38 Φ SC = 0.015 0.000
Within populations 620 5014.35 3.997 93.33 Φ ST = 0.067 0.000
Island
+
Vegetation type
2
4
3
5
Island group
Island
Island group
+
Vegetation type
 101 
 
Fig. IV-1. Locations of the planted and the natural populations of Elaeocarpus 
photiniifolia on Hahajima Island. Population IDs are given in Tables II-1 and IV-1II-1. 
□, planted populations in this chapter; ●, the natural populations that were investigated 
in Chapter II. 
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Fig. IV-2. Bayesian clustering results (STRUCTURE; Pritchard, Stephens, and Donnelly, 2000) for the three studied E. 
photiniifolia samples in Chapter II as K = 3. Vertical columns represent the individual plants, and the heights of the bars of each color 
are proportional to the posterior means of the estimated admixture proportions. For the locations of each population, see Table II-1 and 
Fig. II-1. 
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Fig. IV-3. Principal coordinate analysis (PCoA) of the genetic variation among 
(a) 19 natural populations and three planted populations of Elaeocarpus photiniifolia in 
the Bonin Islands, and (b) eight natural populations and three planted populations of E. 
photiniifolia on Hahajima Island. 
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Appendix IV-1. Pairwise FST estimates (below the diagonal) and genetic differentiation test results (above the diagonal) between eight 
natural populations and three planted populations of Elaeocarpus photiniifolia and within three planted populations of E. photiniifolia. 
For the location of each population, see Tables II-1 and IV-1, and Figs. II-1 and IV-1. 
 
Ep-HHH-M Ep-HHKo-M Ep-HHN-M Ep-HHS-M Ep-HHKu-M Ep-HHU-M Ep-HHC-M Ep-HHKe-M Pl-HHX Pl-HHY Pl-HHZ
Ep-HHH-M - - - - - - - -       *       *       *
Ep-HHKo-M - - - - - - - -       *       *       *
Ep-HHN-M - - - - - - - -       *       *       *
Ep-HHS-M - - - - - - - -       *      NS       *
Ep-HHKu-M - - - - - - - -       *       *       *
Ep-HHU-M - - - - - - - -       *       *       *
Ep-HHC-M - - - - - - - -       *       *       *
Ep-HHKe-M - - - - - - - -       *       *       *
Pl-HHX 0.0255 0.0179 0.0202 0.0219 0.0296 0.0465 0.0334 0.0251 0       *       *
Pl-HHY 0.0219 0.0209 0.0160 0.0102 0.0223 0.0396 0.0352 0.0259 0.0247 0       *
Pl-HHZ 0.0506 0.0493 0.0695 0.0585 0.0650 0.0595 0.0666 0.0555 0.0597 0.0703 0
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General Discussion 
As noted in the General Introduction, a common evolutionary phenomenon 
on oceanic islands is diversification via evolution of barriers to gene flow between 
populations as a result of divergent natural selection under different environmental 
conditions or ecological speciation (Rundell and Price, 2009). Previous studies of other 
plant taxa on oceanic islands have proposed ecological speciation in different habitat 
types in the presence of limited gene flow (Savolainen et al., 2006; Gavrilets and Vose, 
2007; Tsuneki, Kato, and Murakami, 2012), although the prevalence of this type of 
speciation remains controversial (Bolnick and Fitzpatrick, 2007; Papadopulos et al., 
2011). In this study, I attempted to clarify whether Elaeocarpus photiniifolia is 
undergoing ecological speciation. Elucidating the genetic structure within natural E. 
photiniifolia populations is also necessary to minimize the risk of genetic disturbance 
resulting from restoration planting. 
As described in Chapter I, I developed nuclear microsatellite markers from 
expressed sequence tags (EST-SSRs) using de novo pyrosequencing. Many primers 
were developed from the ESTs, and most of these markers are expected to be useful for 
population genetic studies of E. photiniifolia and related species.  
As described in Chapter II, I investigated the genetic structure of E. 
photiniifolia using 639 individuals from 19 populations as plant material and 24 
EST-SSR loci as genetic markers. A closely related species, E. sylvestris, was included 
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for comparison. First, my results revealed clear genetic differentiation between E. 
photiniifolia and E. sylvestris (0.307 ≤ FST ≤ 0.470), and the two varieties of E. 
sylvestris were genetically similar. These data supported the taxonomic treatment of 
these two species based on their morphological characteristics. 
Second, my data showed genetic differentiation between the E. photiniifolia 
populations in the Chichijima Island Group and those in the Hahajima Island Group 
within the Bonin Islands (0.033 ≤ FST ≤ 0.121), suggesting that gene flow between 
these island groups is infrequent because of the limited mobility of pollinators and seed 
dispersers of this species.  
Third, as the most remarkable result described in Chapter II, the data showed 
genetic differentiation between E. photiniifolia populations associated with dry scrubs 
and mesic forests in the Chichijima Island Group (0.005 ≤ FST ≤ 0.071). This genetic 
structure was independent of spatial structure, demonstrating the occurrence of genetic 
differentiation associated with these habitats. This result supported the hypothesis that 
E. photiniifolia forms genetically differentiated groups even within a single island.  
As described in Chapter III, I observed the flowering phenology of E. 
photiniifolia on Chichijima Island. The populations of this species growing in dry 
scrubs flowered earlier than those growing in mesic forests. These differences in 
flowering phenology between habitat types may help to maintain the observed genetic 
differentiation. I also investigated the environmental conditions in dry scrubs and 
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mesic forests. The two habitats considerably differed in vegetation height and soil 
moisture content. These differences in environmental conditions may provide an 
important isolation mechanism between the genetically differentiated groups.  
These results of my study support the hypothesis that E. photiniifolia is 
undergoing ecological speciation associated with different environmental conditions. 
Future studies of this species are needed to investigate the adaptive traits involved in 
this speciation process and to assess the disruptive selection between the genetically 
differentiated groups.  
Finally, in Chapter IV, based on the results obtained in this study, I propose 
that restoration plantings should use seed sources from environments similar to the 
planting sites and those within the same island. However, more detailed studies of 
adaptive differentiation associated with a large set of environmental parameters are 
needed to formulate optimal restoration plans. 
Previous studies of plants growing in the Bonin Islands have often focused 
and carefully examined closely related taxa that show morphological differentiation 
between various environmental conditions. Then, genetic differentiation associated 
with morphological differentiation has been recognized in several plant genera 
(Soejima et al., 1994; Ito, Soejima, and Ono, 1997; Katoh, Kato, and Kachi, 1998; 
Mori, 2009).  
In contrast, the present study focused on a species in which no significant 
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morphological variation associated with different environmental conditions has been 
reported. Although E. photiniifolia grows in various habitats, morphological 
differentiation between the habitats has never been reported. Nevertheless, two 
genetically differentiated groups of this species associated with dry scrubs and mesic 
forests in the Chichijima Island Group were recognized. Moreover, differences in the 
flowering phenology and habitat conditions were also found between the two genetic 
groups. Therefore, it was strongly suggested that E. photiniifolia is undergoing 
ecological speciation, diverging between dry scrubs and mesic forests. 
In my study, genetic differentiation that was not associated with 
morphological differentiation was found in the plant species growing in the Bonin 
Islands, which suggests the possibility that similar cryptic speciation could also be 
found in other plant species that are widely distributed in the Bonin Islands across 
various types of habitats, such as Ochrosia nakaiana (Koidz.) Koidz. ex H.Hara and 
Rhaphiolepis umbellata (Thunb.) Makino. Such cryptic speciation should be 
recognized for relevant conservation of wild endemic plants in the Bonin Islands. 
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日本語要旨 
 
シマホルトノキにおける生育環境に対応した 
遺伝構造とその維持要因の解明（英文） 
 
大陸と一度も陸続きになったことのない海洋島で一般的にみられる進化現
象の 1つとして，島内の異なる生育環境への適応を伴う生態的種分化が挙げら
れる．生態的種分化は，地理的障壁による隔離がない状況下で，異なる生育環
境間での分断化選択と同じ生育環境内の同系交配を促進する交配前隔離によっ
て引き起こされると考えられている． 
本研究の調査地である小笠原諸島（以下，小笠原）は，東京から約 1,000km
南に位置する海洋島である．小笠原の個々の島の面積は比較的小さいが，複雑
な地形に対応して様々な植生タイプがモザイク状に配置している．そして，先
行研究で複数の生物群において生態的種分化が報告されており，それらの分類
群はそれぞれ異なる植生タイプに分かれて生育していることが多い．これまで
の先行研究では，このように小笠原内で同じ属の複数種が分布する植物群を主
たる研究対象として，種間の系統関係やその多様化に着目した研究が進められ
てきた．その一方で，島内に 1属 1種のみ分布するような種が幅広い環境に生
育している事例も少なからずみられるが，そのような分類群に関して詳しくは
調べられていない．そこで，本研究ではその 1つであるシマホルトノキを研究
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対象とした．シマホルトノキは，湿性高木林から乾性低木林まで幅広い環境に
生育しているが，これまでに環境ごとの形態的差異などは報告されていなかっ
た．さらに，シマホルトノキは絶滅危惧種アカガシラカラスバトの重要な餌資
源であることからも注目される種である．アカガシラカラスバトの個体群維持
のために，シマホルトノキは生態系復元の際の植栽候補種となっている． 
そこで，本研究を進めるにあたりシマホルトノキについて，次のような 2
つの仮説をたてた．(1)島内で任意交配が行われており，遺伝的には同一のもの
が可塑性によって幅広い環境に適応している．(2)異なる生育環境で遺伝的に分
化した複数のグループが存在し，同じ生育環境内で同系交配が促進されている．
これらの仮説を検討するため，以下のように研究を進めた．まず，次世代シー
ケンサーを用いて EST ライブラリを構築し，遺伝解析に用いる EST-SSR マー
カーを作成した（第 1 章）．次に，近縁種とも比較しつつ，シマホルトノキ 19
集団 639個体からのサンプルを用いて 24遺伝子座の EST-SSRマーカーによる
集団遺伝学的解析を行った．これにより，近縁種との関係，並びに異なる生育
環境間の遺伝的分化を明らかにした（第 2章）．さらに，前章で認識された遺伝
的分化を維持している要因を推定するために，開花期調査と土壌水分量，植生
高の測定を行った（第 3章）．最後に，遺伝解析の結果を踏まえて，遺伝的変異
性に考慮した植栽について考察した（第 4章）． 
その結果，11,682配列の ESTライブラリが得られ，28遺伝子座の EST-SSR
マーカーを開発した（第 1 章）．集団遺伝学的解析により，(1)シマホルトノキ
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とホルトノキの種間での明確な遺伝的分化（0.307 < FST < 0.470），(2)シマホル
トノキの父島・母島列島間での遺伝的分化（0.033 < FST < 0.121），さらに，(3)
父島列島内における生育環境間の遺伝的分化（0.005 < FST < 0.071）がみられた．
特に，父島内においては，有意な距離による隔離（Isolation by distance）はみら
れず，生育環境の違いに対応した遺伝的分化の存在が明らかになった（第 2章）．
さらに，父島の遺伝的に分化したグループ間では，開花期にずれがあり，土壌
水分量と植生高にも差がみられた（第 3章）．これらのことから，父島列島では，
シマホルトノキの遺伝的に分化した 2つのグループが側所的に分布しており，
それらのグループ間では開花期のずれにより遺伝子流動が制限されていること
が明らかになった．生育環境の違いが分断化選択を引き起こしているかどうか
については，さらに検討する必要があるが，種分化の初期段階にあると考えら
れる． 
本研究の詳細な集団遺伝学的解析により，シマホルトノキにおいて生育環
境の違いに対応した遺伝的分化が検出された．小笠原は，島の中で環境が異な
る植生タイプがモザイク状に配置しているため，遺伝的変異性を考慮して種苗
配布区域を決めることは困難であると考えられた．現段階では，島内の類似し
た生育環境から植栽のための種苗を得ることが好ましいと考えられるが，今後
様々な環境に関連した適応的な違いを評価することによって，より適切な植栽
計画を立案できるだろう（第 4章）． 
